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ABSTRACT
The commercial success of lithium-ion batteries (LIBs) revolutionized human life.
The advancement of LIBs with superior performances would be essential for vehicle
electrification and grid-scale application. However, current LIBs technology with liquid
electrolytes limits this because of leakage, flammability, and safety issues such as fire and
explosion. On the other hand, the energy storage capacity of current electrodes will not
deliver the energy to drive the large-scale application. Extensive research efforts have been
focused on optimizing each component of LIBs. To address the safety threats posed by
liquid electrolytes, polymer electrolytes were proposed. Due to lightweight, flexibility, the
thermal stability of polymer electrolytes, it will significantly reduce the safety issues and
size of the battery, increasing the energy density. However, the low ionic conductivity of
the polymer electrolytes inhibits its practical application. Gel polymer electrolytes were
developed to solve the issues of ionic conductivity, which cost the mechanical strength as
these parameters are inversely coupled with each other.
The first part of the dissertation works was focused on to solve the dilemma about
high ionic conductivity vs. high mechanical strength. Herein, we proposed a strategy for
simultaneously enhancing ionic conductivity and mechanical strength of polymer gel
electrolytes via a smart engineering approach with novel synthetic design. Uniquely
designed hollow silica nanospherical architecture was used to confine the ionic liquids into
its nanocavity, creating the nanodomain of the liquids into the polymer matrix. This
confinement strategy increases the mechanical strength by reducing the plasticizing
v

behavior and enhances the ionic conductivity providing non-disturbed nanochannel for the
fast lithium-ion conduction. Similarly, layer by layer assembly approach was developed to
enhance the mechanical strength preserving the liquid-like dynamics of gel electrolytes.
The ultrathin alternating sequence of polyanions and polycations on gel electrolytes
enhanced the mechanical strength via strong coulombic interaction.
The second part of the dissertation was focused on developing the high capacity
anode from the conversion type electrode using a direct fluorination approach. The
formation of the oxyfluoride phase as a result of fluorination enhances the capacity and
facilitates the reversible conversion reaction. This strategy solves the inherent problems of
conversion materials.
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INTRODUCTION
Non-renewable fossil fuels are primary energy sources to date. The excessive
consumption of fossil fuels resulted in negative consequences such as global warming due
to excessive emissions of greenhouse gases. Because of increasing energy demands,
current energy sources would not be enough to fulfill the energy demands in the near future.
Therefore, searching for alternative forms of energy to replace non-renewable fossil fuels
is a major research goal. Renewable energy sources like solar and wind supply clean and
sustainable energy. However, the effective use of these energy sources requires efficient
energy storage devices. Therefore, to tackle the imminent energy crisis, energy research
needed a groundbreaking innovation in energy storage technology.
As a result of continuous research efforts, lithium-ion batteries (LIBs) have
emerged as the best alternatives to overcome the impending energy crisis and revolutionize
human life. The use of LIBs in electronic gadgets, laptops, electric vehicles, and energy
storage devices for grid-scale applications explains their significance and tremendous
success. However, the energy storage capacity of the current electrodes limits their
application mainly to portable devices as well as unable to fulfill the ever-growing energy
demands. Along with limited energy density, safety issues associated with traditional liquid
electrolytes such as leakage, short-circuiting, fire and explosion hazards caused due to
dendrite formation, and slow charging rate make LIBs unsuitable for grid-scale application
in its present configuration.
Efforts have been focused on optimizing the performances of each LIB component
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to design safer high energy density LIBs to address the increasing energy demands. To
tackle the safety concerns associated with liquid electrolytes, solid electrolytes have been
studied to replace the liquid electrolytes. Among the available alternatives, solid polymer
electrolytes (SPEs) are excellent candidates because of non-volatility, inflammability,
mechanical robustness, thermal stability, no leakage, and flexibility, which significantly
enhances the safety of LIBs as well as energy density. However, the commercial
application of SPEs has been plagued by their low ionic conductivity. The problems of low
ionic conductivity can be overcome by using liquid plasticizer that cost mechanical
strength. The inability to achieve mechanical robustness with high ionic conductivities is
the central problem of SPEs that hinders its commercialization in lithium metal batteries
(LMBs).
On the other hand, it is necessary to replace the current electrodes by a high energy
density electrode to achieve high energy demands. Lithium metal is by far the best negative
electrode, but its aggressive reactivity invites several safety issues and the stability of the
battery. More work must be done to commercialize lithium metal anode. In the meantime,
conversion anodes are an excellent alternative because of high capacity via multielectron
reaction. Unfortunately, conversion anodes suffer from multiple drawbacks such as rapid
capacity fading, cycling instability, structural instability, high voltage hysteresis that hinder
its practical application. Research efforts have been focused on stabilizing the conversion
anode to harness maximum possible capacity from it.
With this research situation in mind, this dissertation focused on developing novel
strategies to achieve high ionic conductivity with mechanically robust composite polymer
2

electrolytes to suppress the dendrite growth and eliminate the safety issues of battery.
Similarly, the research work is also focused on developing the strategies to stabilize the
conversion anodes as an excellent alternative for high energy anodes. Because of the low
ionic conductivity of dry polymer electrolytes, small molecule organic liquids, ionic liquids
have been used as a plasticizer to increase the ionic conductivity. In doing so, ionic
conductivity enhanced greatly at the expense of mechanical strength, which is the essential
criterion for the safe operation of the battery. To counteract this problem, inorganic ceramic
particles were used to make the composite polymer electrolytes. Unfortunately, the
inclusion of these particles increases the mechanical strength lowering the ionic
conductivity. Ionic conductivity and mechanical strength in polymer electrolytes are
inversely coupled as a large amount of plasticizer is required to achieve high ionic
conductivity. The first part of this dissertation work has been focused on solving this
dilemma via a creative engineering approach. The simultaneous increase in mechanical
strength with fast ion conduction in composite polymer electrolytes has been achieved by
confining ionic liquid electrolytes in nanoarchitecture offered by uniquely engineered
hollow silica spheres. Robust and straightforward layer by layer assembly strategies is
employed to reinforce the mechanical strength of the polymer gel electrolytes without
affecting the liquid dynamics of the gel electrolytes. The second part of this dissertation
work aimed to develop high capacity conversion anodes. The direct fluorination strategies
have been formulated to synthesize high capacity conversion anodes. At this end, the
dissertation organization is presented below.
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Chapter one gives a brief overview of the lithium-ion battery technology, basics
concepts, challenges, and research efforts to modernize the battery technology to solve the
energy problems. In the end, chapter one establishes the research objectives of this
dissertation.
Chapter two describes the experimental techniques and procedures used in this
work. A detailed description of battery fabrication and characterization procedure, data
interpretation is presented.
Chapter three describes the double confinement strategy of the ionic liquid
electrolytes to simultaneously reinforcing mechanical robustness with fast ion conduction
of the composite polymer electrolytes. Ionic liquids are first confined into the hollow nano
scaffold offers by the uniquely designed hollow silica spheres, and then ionic liquids
entrapped hollow silica is confined in the polymer matrix to fabricate the composite
electrolytes. As fabricated composite electrolytes used in lithium battery and details of the
study are presented.
Chapter four describes the beautiful and straightforward layer by layer (LbL)
assembly strategies to strengthen the physical rigidity of the polymer gel without affecting
the fast ion conduction. The physical robustness of polymer gel was enhanced by laying
down the polyanions and polycations alternatively in an LbL approach. The
electrochemical investigation reveals that strong coulombic interaction between
polyanions and polycations enhanced mechanical strength, electrochemical stability to 5.5
V without hampering ionic conductivity.
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Chapter five presents the direct fluorination strategy employed to transform Mxene
into 2D titanium oxyfluoride/carbon (TiOF2/C) sheets for lithium storage as a high
performing anode material. Detailed material characterization and electrochemical
investigation unravel the advantages of the fluorination to enhance the electrochemical
performances.
In chapter six, novel strategies have been discussed to transform molybdenum
dioxide (MoO2) into oxyfluoride phases via direct fluorination. Electrochemical
characterization unravels that the fluorinated electrodes facilitate lithium diffusion kinetics
favoring the reversible conversion reaction. This is an important finding which could lead
to the synthesis of high capacity transition metal oxyfluoride electrodes for the commercial
application.
In the end, the dissertation presents concluding remarks.
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CHAPTER 1:
DEVELOPMENT OF HIGH ENERGY RECHARGEABLE
BATTERIES
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1.1 Introduction
At present, the world is highly dependent on energy storage and conversion devices
for daily activities. A significant amount of energy consumed to date is non-renewable
fossil fuels that resulted in global warming and pollution due to emission of carbon dioxide
and other pollutants. The increasing energy demands foretell the impending energy crisis
in the near future. Therefore, it is essential to shift energy consumption from non-renewable
to clean and sustainable energy such as solar, wind, etc. However, the effective tapping
and storage of these energy sources require efficient energy storage devices. As continuous
research efforts, LIBs emerges as the best alternatives to overcome imminent energy crisis
and revolutionize human life.1-7 The use of LIBs in electronic gadgets, laptops, vehicle
electrification, and grid-scale applications explains its commercial significance and
dominance in the energy storage devices market (Figure 1.1).3, 6, 8-9
Adoption of LIBs in vehicle electrification and grid storage is essential to propel
the energy crisis and reduce global warming. However, the safety issues, high production
cost, and environmental impact plagued their commercial application to grid-scale and
vehicle electrification.1, 7, 10-11 To replace the non-renewable energy from these large scale
applications without compromising the efficiencies and operation cost, the energy density,
and cycle life of the batteries must be enhanced.
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Figure 1.1 The present use and potential scope of rechargeable batteries. The figure is adapted
from reference 8.

Safety is another crucial parameter that requires immediate attention for smooth
operation.3, 7-10 Achieving enhanced energy and power density, improved safety, lowered
production cost of batteries requires new battery chemistry beyond LIBs with smart
engineering. Therefore, the goal of vehicle electrification and grid-scale applications is
highly dependent on the advancement of current LIBs technology and beyond it.6-9

1.2 Lithium-Ion Batteries: Working Principle
The interconversion of chemical to electrical energy and vice-versa is achieved in
batteries via the conduction of ions between the electrodes through an electrolytic solution.
The battery consists of two electrodes (cathode and anode) separated by a polymer matrix
soaked in the electrolytic solution.1, 3-4 Figure 1.2 shows the schematic representation of
standard LIBs (also called “rocking chair batteries”12-13) fabricated by sandwiching a
polymer matrix in between a cathode made from LiCoO2 and anode composed of graphite.3
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The polymer matrix functions as a separator and highway for the lithium-ion journey,
which contains electrolytes containing lithium salt in organic solvents.

Figure 1.2 Schematic representation of standard LIBs fabricated by sandwiching polymer matrix
with electrolytes in between graphite anode and LiCoO2 cathode. The figure is adapted from
reference 3.

In a closed circuit, electrons travel from an external circuit toward electrodes.
During charge, electrons migrate towards the anode from the cathode through the external
circuit, and lithium-ions enjoy their journey towards the anode through the separator and
interject in the graphitic layers that stores the electric energy.3 During discharge, lithiumions accelerate towards the cathode, which generates the electron flow in the external
circuit spontaneously. In the LIBs configuration, the function of the electrolytes is avoiding
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short-circuiting and facilitating the conduction of lithium-ions. Generally, the electrolytes
are prepared by dissolving a certain amount of lithium salt (LiPF6, LiBF4, LiClO4, LiTFSI,
etc.) in organic solvents (organic carbonates and organic ethers). Electrodes are fabricated
by mixing electrode materials, a polymeric binder, and conductive carbon to make a slurry
that is cast on the current collector (copper or aluminum). Thus, assembled electrodes are
put in a vacuum oven to remove solvents. The use of polymeric binder is for ensuring the
adhesion of active materials while the use of conductive carbon is to make electrical
contact.4, 14 During the first charging process, an irreversible reaction occurs in electrodeelectrolyte interface resulting in solid electrolyte interphase (SEI) required for the smooth
operation of batteries.15-16 The robust SEI layer prohibits further interfacial reaction and
maintains the stability and cycling efficiency of the cells. Therefore, it is vital to manipulate
the electrode-electrolyte interfacial chemistry using suitable electrolyte systems
harmonized with electrode chemistries for extended cycling and safe operation of the
battery.

1.3 Components for LIBs
Before jumping to the safety issues and enhancement of energy density for future
use and their solution, a brief description of each component of LIBs will be presented in
this section.
1.3.1 Cathodes for LIBs
The suitable cathode materials for advanced LIBs must have the following vital
features.11
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(a) Materials should have an active redox center that undergoes a reversible
reaction with lithium.
(b) Materials should deliver a high specific capacity with high operational
potential.
(c) Materials should undergo fast reaction kinetics with lithium and be
electronically conductive.
(d) Materials should be stable, low cost, and environmentally friendly.
The cathode materials are broadly classified into intercalation and conversion
cathodes. Intercalation cathode can store a guest ion (lithium-ion in LIBs) in its crystal
structure without any significant structural deformation and permit the reversible mobility
in and out from the crystal structure.11, 17 Layered transition metal oxides, spinel, olivine,
and tavorite transition metal oxides favor the intercalation of lithium-ion, called
intercalation cathodes. The crystal structure with discharge behaviors of intercalation
cathodes is presented in Figure 1.3. Most studied intercalation cathodes are layered metal
oxides in which lithium-ions and transition metals reside in alternate fashion between the
layer of the anion sheets.11 Lithium cobalt oxide (LiCoO2, LCO), successfully
commercialized layered oxide material18, has a comparatively high theoretical capacity
(274 mAh g-1), operating potential of ~3.9 V, and good cycling performances are the
critical factors for its successful commercialization.19 However, the high cost due to Co,
low thermal stability due to the exothermic oxygen evolution, and rapid capacity fading
during fast charging makes it unsuitable for advanced high energy density LIBs.20-22
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Figure 1.3 The examples of the structure of intercalation cathodes: (a) LiCoO2, (b) LiMn2O4, (c)
LiFePO4, (d) LiFeSO4F, and (e) discharge profiles of different intercalation cathodes. Figure is
reproduced from reference 17. 17

Another type of layered oxide (LiNiO2, LNO) cathode is cheap compared to LCO;
however, its poor thermal stability, obstruction of lithium diffusion channel due to side
reaction with lithium-ion makes it unsuitable for practical application.23 LNO structure was
12

stabilized by partial substitution of Ni with Co, and a small amount of Aluminum doping2425

exhibits improved electrochemical performances. Because of such improved

performances

with

~200

mAh

g-1

practical

discharge

capacity,

NCA

(

LiNi0.8Co0.15Al0.05O2) cathode is used commercially. However, rapid capacity fading is an
issue for this cathode when operated at elevated temperature (> 40 °C) caused by SEI
growth.26-27 Another layered cathode is NMCxyz (LiNixCoyMnzO2) is a low-cost cathode
with high energy density due to the lower Co amount. NMC111, NMC532, NMC622 are
commonly used commercial cathode in the battery technology as it exhibits excellent
cycling stability.28 More recently, Novel Nickel rich layer cathode NMC811 was developed
for higher energy and power density application.
Spinel oxides (LiMn2O4 and LiNi0.5Mn1.5O4) are the high voltage cathodes that
delivered high power density. Low cost, being comparably safe, and ecofriendly made
them attractive cathode for grid-scale application.29 These cathodes delivered
approximately 120 mAh g-1 discharge capacity slightly lower than layered oxides. Olivine
oxide (LiFePO4) cathode has 170 mAh g-1 theoretical capacity with 3.4 V operating
potential. Structural stability, low cost, eco-friendliness, and enhanced cycling stability
make this cathode attractive for industrial applications.30
As seen from Figure 1.4 (a, and b), the low discharge capacity of the intercalation
cathode is not enough for the grid-scale applications. For such an application, research
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Figure 1.4 Showing discharge voltage and specific capacity of (a) intercalation cathodes
(experimental), (b) conversion cathodes (theoretical), (c) conversion anodes (experimental), and
(d) comparison between conversion and intercalation electrodes. The figure was adapted from
reference 17.17

should be focused on the conversion cathodes, which delivered high specific capacity via
multielectron conversion reaction.
1.3.2 Anodes for LIBs
Graphite and hard carbon are the principle anode materials for LIBs that enabled
the commercialization of LIBs.4, 31 Natural and synthetic graphite is used mainly as the
commercial anode in which lithium-ion undergo intercalation/deintercalation reaction
between the graphitic layer during battery cycling that delivered ~340-355 mAh g-1
capacity at slower scan rate. However, low lithium intercalation potential makes it prone
14

to dendrite growth when charging at high current rates leading to cell failure.32 However,
these commercially used anodes have a low specific energy density that is not sufficient
for electric vehicles and grid applications. For such a large-scale application, either alloy
forming, or conversion type anode is excellent as they possess very high specific energy
compared to the graphitic anode. Lithium metal can undergo alloy formation with elements
such as silicon, tin that results in very high volumetric and gravimetric capacity. 33
Unfortunately, massive volume change (up to 400 % ) during repeated charge-discharge
causes practical fragmentation34, cracking of SEI layer, loss of active material, and
increased cell impedance.35-36 If these issues can be addressed using nano-sized active
materials with a robust host structure, the alloying anode can be used for all kinds of
applications.
Other attractive anode materials are multivalent transition metal oxides (TMOs)
which undergo multi-electron conversion reactions can potentially enhance LIB energy
density for grid-scale application.37-44 These materials can store a very high specific
capacity than graphite, which makes them attractive candidates for the anode. However,
the performance of such conversion anodes is limited by several factors including low
electronic conductivity, structural instability, slow Li+ diffusion, and slow reaction
kinetics.45-51
Previously reported methods to address these issues to include (i) nanosizing the
active material, (ii) applying coatings (e.g., carbon coatings), (iii) doping with foreign
materials (e.g., nitrogen, sulfur), and (iv) optimizing the conductive carbon and polymer
binder used in composite anodes.44, 52-61
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Lithium is by far the anode material of choice for the rechargeable battery because
of its high theoretical capacity (3800 mAh g-1) and lowest electrochemical potential (-3.04
V).

62-63

However, due to safety concerns resulted from dendrite growth and aggressive

reactivity with liquid electrolytes makes it unsuitable for current LIBs technology.
In this dissertation, the work has been focused on stabilizing conversion anode via
direct fluorination and stabilizing lithium metal anode via smart engineering and synthesis
of composite polymer electrolytes with simultaneous enhancement of mechanical strength
and ionic conductivity.
1.3.3 Separators, Electrolytes, and Lithium Salts
Polymer matrix used to avoid the short-circuit in the battery is called separators in
LIBs technology. The key requirements of suitable separators for LIBs are as follows:(a) Separators should be highly porous so that materials can hold enough liquid
electrolytes.
(b) Separators must be thin enough, mechanically robust, and electrochemically
stable.
(c) Separators should have good wettability with liquid electrolytes to lower the
cell impedance and improve the electrode compatibility.
Commercially available separators are polyolefin-based microporous polymer
matrices such as polyethylene, polypropylene, or combination of these polymer matrices
in a multilayered fashion.64-65
Current LIBs technology uses non-aqueous liquids containing dissolved lithium
salts – mainly organic carbonates. The critical criteria for suitable electrolytes are high
16

dielectric constant, low viscosity, interfacial stability, wider potential window, a robust SEI
layer forming ability on the anode surface.66-67 To achieve the properties as mentioned
above, different organic carbonates (ethylene carbonates, ethyl methyl carbonates, diethyl
carbonates,

dimethyl

carbonates,

propylene

carbonates,

vinylene

carbonates,

fluoroethylene carbonates) mixed in a specific ratio depending on the requirements of the
electrode system.66 However, these organic carbonates can not be used for high voltage
battery due to their low oxidative stability. As well as these organic electrolytes are highly
flammable and environmentally benign, so efforts are being focused on replacing them.
Alternatively, ionic liquids have been explored as the electrolyte because of their
fast ion conduction with non-volatility, nonflammability, high chemical stability, and wide
potential window.68-73 These are generally quaternary ammonium salts with bulky organic
cations (imidazolium, pyrrolidinium, etc) and bulky anions (bis(trifluorosulfonimide)
(FSI),

bis(trifluoromethanesulfonimide)

(TFSI),

hexafluorophosphate

(PF6),

tetrafluoroborate (BF4)) as shown in Figure 1.5.74
All of these non-aqueous electrolyte solvents, ionic liquids do not contain lithiumion. Therefore, lithium salts are dissolved into these solvents to prepare electrolytes for
LIBs. To get better electrochemical performance, lithium salts should be inert with other
cell components, high dissolution in the above mentioned electrolytic solvents, high
mobility of the lithium-ions, higher oxidative stability of the anions of the salt are the
required properties essential for rechargeable battery applications.66-67
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Figure 1.5 Representative examples of some of the organic cations and anions of the room
temperature ionic liquids.

LiPF6 is routinely used salt to prepare liquid electrolytes for LIBs. Other lithium
salts that are used in LIBs are LiBF4, LiClO4, and LiTFSI. However, low oxidative stability
of carbonate solvents inhibits its use in high voltage (>4.2 V) battery. The decomposition
of the carbonate solvents was limited via the use of a sacrificial solvent or lithium salt
called additives, which will decompose and forms the passivation layer on the electrode
surface before the decomposition of the actual electrolyte and stabilize the performances.
Such additives may be solvents like vinylidene carbonate, fluoroethylene carbonate or
some novel lithium salts such as LiBOB, LiDFOB, LiBFMB, and LiBMFMB.75-76
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1.4 Safety Issues with LIBs and Beyond
Despite the tremendous success, LIBs have seen accidents leading to fire and
explosion globally such as tesla battery explosion setting fire to the car, battery problems
on Boeing 787 airplanes, and battery swelling and explosion in Samsung Galaxy Note 7
mobile phones that hit the headlines in the news world.77-79 The prime cause for the safety
concerns of LIBs is because of the highly flammable organic solvents used as electrolytes.
The thermal runway arose via an uncontrolled exothermic reaction, which increased the
battery temperature resulting in the fire and explosion of the battery, as described in Figure
1.6.77, 80-83

Figure 1.6 Showing the cause of safety concern in LIBs because of overheating of the cell caused
by lithium dendrites, overcharging, cell crush during accidents, faulty separators that accelerates
the exothermic reaction leading to fire and explosion. The figure is adapted from reference 77.77

The cause of the thermal runaway is the overheating as a result of overcharging the
battery because of the faulty cell assembly, the accident that damages the polymer separator
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leading to direct contact between anode and cathode or dendrite growth when the battery
is recharged at high current density.77
The safety concerns become more serious when the need for high energy anode
leads to the application of lithium as the anode. Though it can deliver high energy, the use
of lithium anode posed the greatest safety and cyclability challenges due to dendrites
formation and its aggressive reactivity at interfaces.63, 84 When lithium metal anode coupled
with liquid electrolytes, the safety challenges become worse than LIBs which could lead
to severe explosion hazards. The safety concerns raised to aggressive reactivity and
dendritic lithium growth lead to thick SEI layer, dead lithium, rapid capacity fading, and
explosions, explained in Figure 1.7.63

Figure 1.7 (a) Schematic representation of the formation of lithium dendrite, dead lithium, porous
lithium, and thick SEI layer due to repeated stripping and plating of lithium; (b) Illustration of
the relation of different challenges of lithium metal anode due to aggressive reactivity and high
volume expansion. This figure is adapted from reference 63.63
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Due to the aggressive reactivity of lithium, all the electrolyte components will
reduce onto its surface, leading to SEI. Repeated lithium plating causes the infinite volume
expansion of lithium anode that cracks the SEI layer that creates the route for dendrite
shooting as a result of inhomogeneous lithium plating. Contraction caused by lithium
stripping results in the detachment of the dendritic lithium, which becomes the ‘dead
lithium.’ Further stripping and plating increase the cracks in SEI, leading to sharp dendrite,
dead lithium, porous lithium anode, which is the reason behind capacity fading, low
coulombic efficiency, thermal runaway, and explosion. These are the reasons behind the
unsuccessful commercialization attempt of lithium metal battery by Moli energy in the late
1980s.63

1.5 Solid Electrolytes
Because of the safety issues associated with LIBs/LMBs, the development of
advanced electrolytes is essentials to prevent dendrite growth and aggressive interfacial
reaction with liquid electrolytes. Two broad classes of solid electrolytes studied are
inorganic ceramic electrolytes and solid polymer electrolytes. High ionic conductivities
and high elastic modulus of ceramic electrolytes are enough to suppress the dendrite;
however, low electrode compatibility significantly increases the interfacial resistance as
well the fragility makes it unsuitable for practical application.85 On the other hand, because
of no leakage, low flammability, excellent flexibility, wide electrochemical stability
window, high thermal and mechanical stability, and electrode compatibility, SPEs draw
the attention of the research community.85
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1.6 Solid Polymer Electrolytes (SPEs)
As attractive alternatives to replace liquid electrolytes, solid polymer electrolytes
(SPEs) draw significant interests globally. Findings of the ionic conductivity of metal ions
(mainly Li-ion) solvated in PEO in 197386 paved the path for the polymer electrolytes as
potential Li-ion conductor in solid-state LMBs. For reliable electrochemical application,
polymeric electrolyte materials should have the following properties.87-88
(a) Room temperature ionic conductivity equal to or greater than 10-3 S.cm-1.
(b) Sufficiently high modulus to suppress Li-dendrite
(c) High thermal, chemical and electrochemical stabilities
(d) High mechanical strength and electrode compatibility
With these properties kept in mind, a large number of polymeric electrolytic systems were
investigated as potential solid electrolytes for replacing liquid electrolytes. Homopolymers
(polyethylene

oxide,

polymethylmethacrylate,

polyvinylidene

fluoride-co-

hexafluoropropylene), block copolymers, polymer blends, and composite polymer systems
were investigated as alternative candidates as mentioned in these reviews.89-94
Conventional SPE has poor ion conduction at room temperature. Therefore, researchers
focused on the preparation of SPEs with higher ionic conductivity than the liquid
electrolyte. On a broad classification, these SPEs are classified into two general groups:
Dry solid polymer electrolytes (DSPEs) and gel polymer electrolytes (GPEs).
1.6.1 Dry Solid Polymer Electrolytes (DSPEs)
Since the discovery of ion transport in polyethylene oxide (PEO) 86, the possibility
of the application of a different polymer matrix as electrolytes is being investigated. DSPEs
22

are fabricated by complexing alkali metal salts (lithium salts) with high molecular weight
polymer; usually, PEO, poly (propylene oxide), (PPO) followed by membrane fabrication
by solution casting or hot pressure technique. The choice of PEO/PPO is due to their
complexation ability towards alkali metal ions and ionic mobility.87 The presence of CH2CH2-O and polar -O- groups complexes/dissolves the ionic salts easily.95 The transport
mechanism of lithium-ion in PEO is due to the segmental mobility of the chain and lithiumion hopping from one coordination site to others. Ionic conductivity in the PEO system is
very low at room temperature because of its crystalline nature, which inhibits segmental
mobility in the crystalline phase.
Therefore, efforts were focused on increasing the amorphous domain of PEO. The
use of bulky anions such as (TFSI) suppresses the crystallinity but increases the glass
transition temperature limiting the mobility of the ethylene oxide segments.96-97
Incorporation of ceramic fillers (e.g., Al2O3, SiO2, TiO2, BaTiO3) in the polymer matrices
increases amorphous domain via interaction to polymer chain with surface groups. The
researcher also focused on using active ceramics such as Li3N, LLZO, LLTO, LLZTO,
MOF into polymer matrix to increase the ionic conductivity. 96-102 Well-defined directional
ceramics in the polymer matrix increases the ionic conductivity.103 The inclusion of
ceramics enhanced ionic conductivity and mechanical strength. To date, such robust
composite electrolyte systems exhibit ionic conductivity of 10-5 ̶ 10-4 S cm-1 between 30 ̶
60 °C. Lithium-ion conduction in DSPEs is favored by the high degree of amorphousness.
As crystallinity prevents the local relaxation, segmental motion, and decreases the ionic
conductivity. Efforts were focused on increasing the degree of amorphousness in order to
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achieve reasonable ionic conductivity for practical applications. Therefore, to achieve
required ionic conductivity for ambient operation, mechanical properties, and high
transport number, blending / or crosslinking the PEO with other polymers such as PVDF,
PMMA, and PAN have experimented. Block-copolymers of PEO with polystyrene with
attached diffuse anions were made to increase the mechanical strength, ionic conductivity,
lithium-ion transport number.104-106
Another problem with dry SPEs is the migration of both ions that causes
polarization gradient resulting in the capacity fading. To remove the dual-ion migration,
salts such as LiTFSI were dissolved in the polymer matrix, hoping that larger anions cause
the electron delocalization that increases the high cation transport.87, 107 Similarly, higher
ionic conductivity with improved mechanical, thermal and chemical stability, was realized
using filler particles (SiO2, Al2O3, TiO2).108-109 In order to completely shut down the dualion migration, cation conducting polymer electrolytes was synthesized by covalently
linking the delocalized diffused anions to the polymer backbone. Bouchet et al.110
synthesized

BAB

triblock

copolymer

of

PEO

with

lithium-4-styrene

trifluoromethanesulfonyl imide monomer to improve the mechanical strength, ionic
conductivity, and lithium-ion transport number. Their electrolyte exhibited 1.3 × 10-5 S cm1

lithium-ion conductivity at 60 °C. There were several attempts to anchor

trifluoromethane-sulfonyl imide (TFSI) type anions and their derivatives into polymer
backbone to synthesize single lithium-ion conducting homopolymer or block-copolymer
to increase ionic conductivities, ion transport number and mechanical strength.111-114
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However, all of these approaches were unable to deliver the ionic conductivities (~10-3 S
cm-1) required for practical application.
1.6.2 Gel Polymer Electrolytes (GPEs)
Tireless attempts at developing the DSPEs with room temperature conductivity
(~10-3 S cm-1) do not pay the price. To increase the room temperature ionic conductivity,
small organic molecular liquids, called plasticizer, were incorporated into the dry polymer
matrix to get gel electrolytes. Such kinds of polymer electrolytes exhibit cohesive forces
of solids as well as an ionic transport mechanism through diffusion as in a liquid.87, 115 As
well as GPEs allow high flexibility to the electronic devices.116 Generally, organic polar
solvents117, such as acyclic and cyclic carbonates, are being used as a plasticizer in a
polymer host such as PAN118, PMMA119, PVC, PEO120, poly PVDF-co-HFP121-123 to get
GPEs. In GPEs, an amorphous polymer matrix with reduced glass transition temperature
is realized through the incorporation of plasticizer that causes a dramatic increase in the
ionic conductivity deteriorating mechanical strength. Besides the loss in mechanical
strength, GPEs also suffer from a drop in conductivity due to the evaporation of plasticizer
at high-temperature operation. As well as the incorporation of plasticizer decreases the
electrochemical stability window and overall cell performances.

115

Cross-linking can

enhance the polymer host, which results in a drop in ionic conductivity.

87, 115

Electrochemical performances of GPEs depend on the polymer matrix, plasticizer, lithium
salts, and fabrication techniques.116 To improve the ionic conductivity of traditional GPEs
with high mechanical strength, inorganic filler particles such as Li3N, LiAlO2, Al2O3, SiO2,
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TiO2, were mixed with the polymer matrix.124-126 These GPEs are dual-ion conducting
electrolytes.
In order to achieve lithium-ion transport number close to unity, single-ion GPEs
were developed by using single lithium-ion conducting polymer with non-aqueous aprotic
solvents. However, the use of volatile solvents for gel formation degrades the
electrochemical performances, lower the mechanical strength, causing leakage, and
swelling of the membranes. New hybrid electrolytes have been fabricated using ionic
liquids, called ionogels, to remove the problems of liquid electrolytes and traditional gel
electrolytes based on volatile solvents as a plasticizer.73 The selection of ionic liquids as a
plasticizer to fabricate GPEs has several advantages, such as non-volatility, high ionic
conductivity, electrochemical stability, and non-flammability.68-73 Ionogels are prepared
by immobilizing the ionic liquids in a polymer matrix, porous materials such as SiO2, ZrO2,
carbon nnanotubes, TiO2, metal organic framworks, covalent organic frameworks.73, 127-133
These ionogels exhibit RT ionic conductivity of 10-5 ̶ 10-4 S cm-1. Ionic conductivities can
be increased by increasing the amount of ionic liquids which cost the mechanical strength,
which is the central problem of polymer electrolytes that ionic conductivity and mechanical
strength are inversely coupled with each other. If one can solve this dilemma by
simultaneously increasing the ionic conductivity and mechanical robustness of polymer
electrolytes, the commercialization of LMBs would be possible.
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1.7 Research Objectives
The objectives of this dissertation works are to solve the central dilemma of high
ionic conductivity vs. high mechanical strength of polymer electrolytes and the
developments of high capacity anodes from conversion materials.
To date, the developed polymer electrolytes do not offer simultaneous fast ion
conduction with high mechanical strength, as these properties are inversely coupled to each
other. In this dissertation work, we tried to solve this dilemma by pseudosolidification of
ionic liquid electrolytes by smart engineering and synthetic routes which simultaneously
increases the mechanical robustness and high ionic conductivity.
The ever-growing energy demands warrant the development of high capacity
electrodes to meet the expectation. Herein, we propose the development of high energy
conversion electrodes via fluorination strategy, which would solve the problems associated
with conversion materials such as rapid capacity fading, cycling stability, and voltage
hysteresis.
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CHAPTER 2:
EXPERIMENTAL TECHNIQUES AND MATERIAL
CHARACTERIZATIONS
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This dissertation chapter laid out a brief description of the experimental techniques
and procedures used in this work. A detailed description of battery fabrication procedures,
electrochemical characterization, and battery data analysis are also presented.

2.1 Material Characterization
2.1.1 Investigation of Morphology of Composite Electrolytes and Electrodes
The morphological investigation of the electrolyte sample was conducted by using
SEM, STEM, to see the uniformity and homogeneity of the components of composite
polymer electrolyte. S/TEM, coupled with EDS, was conducted to analyze the distribution
of elements in the composite polymer membrane. SEM micrographs help analyze any
change in the morphology of the membrane before and after the battery cycling test.
Similarly, STEM coupled with EELS, and SAED analysis were conducted to characterize
the morphology of electrode and distribution of different elements present in the electrode
and possible local crystal phase that cannot be detected by X-ray diffraction analysis.
2.1.2 X-ray Diffraction (XRD) and Raman Spectroscopy of Electrode materials
Phase identification of the electrodes synthesized in this study was conducted by
measuring the XRD pattern on a PANalytical Empyrean X-ray diffractometer using Kα
radiation at 45 KeV and 40 mA from 5-90° 2Θ range. Similarly, Raman measurements
were conducted to investigate the changes in the electrode structure. Raman measurements
were conducted on powder samples in which samples were hermetically sealed in an
optical cell (EL cell) in an Ar-filled glove box to avoid air exposure. Raman spectra were
obtained on an alpha 300 confocal Raman microscope (WITec, GmbH) with a solid-state
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excitation laser of 532 nm wavelength, a 20× objective lens, and a grating with 600 grooves
per mm.
2.1.3 X-ray Photoelectron Spectroscopy (XPS)
The surface elemental composition of electrode materials was analyzed via XPS.
XPS data were acquired using a Thermo scientific model K-alpha instrument, with a
monochromated micro focusing Al Kα X-ray source (1486.6 eV).

2.1.4 Nuclear Magnetic Resonance (NMR) Spectroscopy
JEOL 400 YH spectrometer (400 MHz) was used to obtain 1H and

13

C NMR

spectra using deuterated solvents, and chemical shifts were referenced to the residual
solvent.
2.1.5 Fourier Transform Infrared Spectroscopy (FT-IR)
FT-IR spectroscopy was employed to study the interaction, complexation between
the components of the composite electrolytes. FT-IR spectra were measured on a Nicolet
IS50 FT-IR(ATR) spectrometer in the range of 4000-500 cm-1.

2.2 Thermomechanical Analysis
2.2.1 Differential Scanning Calorimetry (DSC)
The thermal transition of the composite polymer electrolytes (e.g., Melting,
crystallization, and glass transition temperatures) were studied using DSC. In typical DSC
measurement, the sample was sealed in a standard aluminum pan, and a TA DSC Q100
analyzer was employed to obtain DSC trace under a continuous flow of nitrogen. In
standard DSC, the sample pan is heated with an empty reference pan at the same heating
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rate, and the instrument recorded the difference in heat that is supplied to the sample pan.
During measurements, the samples were cooled to –90 °C, followed by heating to 100 °C
at 5 °C/min.
2.2.2 Thermogravimetric Analysis (TGA)
The TGA Q50 analyzer was employed to investigate the thermal stability of the
electrolyte samples under nitrogen flow. Before ramping up the temperature, all the
samples were equilibrated at 20 °C isothermally for 30 minutes and then subjected to a
heating rate of 10 °C/min to 600 °C.
2.2.3 Dynamic Mechanical Analysis (DMA)
The stress-strain analysis was conducted on a dynamic mechanical analyzer (TA
DMA Q800). The tensile strength was obtained under controlled force mode with ramping
force at 0.1 N/min in a rectangular piece of the composite membrane.

2.3 Electrochemical Characterization
2.3.1 Electrochemical Impedance Spectroscopy (EIS)
EIS was employed to measure ionic conductivity (σ) on Biologic Vsp over
frequency from 200 KHz to 10 mHz with a 10 mV applied potential. EIS measures the
frequency-dependent resistance of the sample resisting the flow of the current. The
frequency-dependent impedance of the system unravels the different underlying chemical
phenomena.
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To measure the interfacial resistance, small potential (0.01 V) of fixed frequency
is applied, and the response at each point is measured and calculated the impedance at each
applied frequency. EIS data is plotted in the Nyquist plot (Figure 2.1).

Figure 2.1 Complex response (Nyquist plot) of the frequency-dependent impedance
measurement of the composite polymer electrolytes.
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Then, the complex response (Nyquist plot) of the EIS data is analyzed using a
model equivalent circuit (Figure 2.2).

Figure 2.2 Equivalent circuit employed to fit the complex response shown in Figure 2.2.

The complex data displayed in the Nyquist plot (Figure 2.2) is fitted using the zfit program as described in the next paragraph to calculate the bulk resistance of the sample.
Procedure for fitting Nyquist plot: The measured Nyquist plot is opened in the EC
Lab V10.40 Vsp program. Then, to fit the complex impedance data, the z-fit program is
used to fit the electrochemical data (Figure 2.3).
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Figure 2.3 Showing the fitting procedure of the complex impedance spectra

Then the z-fit program platform is open as in Figure 2.4, and the appropriate circuit
model and the corresponding fit equation (R1 + C2/R2 + W3) are chosen, where R1 is the
interfacial resistance between membrane and stainless steel electrode, with double-layer
capacitance (C2), charge transfer resistance (R2, bulk resistance that is used to calculate the
ionic conductivity, and W3 is called Warburg impedance. Once the appropriate circuit
model and the corresponding function is chosen, then the randomize-Levenberg-Marquardt
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Figure 2.4 z-fit platform displaying circuit model and associated fit parameters.

algorithm is used to get a good fit (Figure 2.5). Generally, the low-frequency end of the
semicircle of the Nyquist plot determines the resistance of the electrolyte membrane.
Equation (1) is used to calculate the ionic conductivity (σ) of the electrolyte sample.
𝜎=

𝑙
𝐴𝑅

(1)

Where R, A, and l represent resistance, surface area, and thickness of the electrolytic
membranes.
The ionic conductivity was measured using a Swagelok cell. The typical
conductivity cell was assembled by placing the electrolyte membrane in between stainless
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Figure 2.5 Displaying the z-fit with obtained fit parameters.

steel electrodes in an inert atmosphere. The cells are placed in a temperature controller for
equilibrating at each temperature for 45 minutes prior to each measurement.
The Vogel-Fulcher-Tammann (VFT) equation

115, 134

described the temperature

dependency of the observed conductivities.
−𝐸

𝑎
𝜎 = 𝜎𝑜 exp (𝑅(𝑇−𝑇
)
)
𝑜

(2)

Where 𝜎𝑜 , Ea, and R are frequency pre-factor, activation energy, and universal gas
constant, respectively. To is a physical constant, whose value is 10–50 °C below the glass
transition temperature.
2.3.2 Electrochemical Stability Window (ESW)
The ESW of the electrolyte membranes is calculated using linear sweep
voltammetry (LSV). Usually, the LSV is performed between the working electrode and
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reference electrode coupled with the electrolyte membrane from potential 2.0-6.0 V vs.
Li/Li+ at 10 mV s-1 scan rate. In a typical experimental setup, the electrolyte membrane is
sandwiched between lithium and platinum circular disc in Swagelok cells, and the potential
sweep (~10 mV s-1) is applied.
2.3.3 Interfacial Stability of the Electrolyte Membrane
Interfacial stability against lithium metal is investigated in a symmetrical lithium
cell. Symmetrical Li|| electrolyte membrane ||Li cell is assembled by sandwiching the
polymer membrane in between two circular lithium discs in an inert atmosphere. Interfacial
stability against lithium is determined by cycling symmetric cell with a sequence of 3, 1,
and 3 hours charge, rest, and discharge respectively in a repeated fashion. The evolution of
overpotential indicates interfacial stability.
2.3.4 Lithium-Ion Transference Number (LTN, tLi+)
LTN is determined by the DC polarization and AC impedance measurements on
symmetric lithium cells. For LTN measurements, Li||polymer electrolyte||Li cells were
assembled in an inert environment. Then, AC impedance is measured in the frequency
range from 200 KHz-10 mHz before the DC polarization via 10 mV s-1 bias potential,
followed by subsequent AC impedance measurement. The tLi+ is calculated by using the
following equation.135
tLi+ = [Is (∆V-IiRi)]/[Ii (∆V-IsRs)]

(3)

where ΔV is the polarization bias voltage, Ii, Ri, and Is, Rs are initial and steady-state
currents and resistance, respectively.
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2.4 LIBs/LMBs Fabrication
This section presents an overview of the coin cell fabrication procedures that
includes the preparation of electrolytes, electrode fabrication, and coin cell assembly
procedures.
2.4.1 Electrolyte Preparation
The first half of the dissertation was focused on developing mechanically reinforced
composite electrolyte. Therefore, for battery performance testing, these composite
electrolytes were used as the electrolyte. A detailed description of the preparation of these
electrolytes was presented in the respected chapter. The second half of the dissertation was
focused on developing high performing anode materials for high energy density batteries.
For electrochemical performance evaluation of this newly developed electrode chemistry,
standard 1 M LiPF6 in EC: DEC: DMC (1:1:1 by volume) was used as the electrolyte.
2.4.2 Electrode Fabrication
For this work, lithium metal was used as an anode for measuring the performance
of the fabricated polymer gel electrolytes with LiFePO4 (LFP) as a cathode. For the
performance evaluation of fluorinated electrode as an anode in half cell configuration,
lithium was used as a reference electrode and fluorinated electrode as the working
electrode. The electrodes were fabricated by casting a slurry of electrode materials, carbon
black and polymer binder made in N-methyl pyrrolidone (NMP) on the current collector
by a doctor blade followed by drying at a vacuum oven at 100 °C for 24 hours to remove
the residual solvents.
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2.4.3 Coin Cell Fabrication
For the electrochemical performance analysis, two electrode coin cell was
assembled as shown in Figure 2.6.

Figure 2.6 Schematic representation of the coin cell fabrication for LIBs and LMBs. The
figure was adapted from the reference 136.136

The electrode was separated either by composite electrolyte fabricated during this
dissertation work or organic carbonate electrolyte with dissolved LiPF6 soaked in the
polymer matrix (celgard 2325) as separator and electrolytes. The separator functions as an
insulating medium between electrodes to prevent short-circuiting and as a medium for the
conduction of ion.
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2.4.4 Electrochemical Characterizations
This section describes the electrochemical characterization of composite electrolyte
and newly developed anode in battery configuration. To investigate the possible
replacement of liquid electrolytes by composite polymer electrolytes, solid-state LMBs
were fabricated using lithium, and lithium iron phosphate (LiFePO4, LFP), and composite
polymer electrolyte as a separator and electrolyte. Then the fabricated cell was put in
galvanostatic charged/discharged from 4.0 - 2.5 V with constant current (usually C/h rate,
where C is the theoretical capacity of LFP cathode and ‘h’ is hours for each charge and
discharge). Then the stability of the electrolyte membrane and lithium diffusion kinetics
were investigated by running the cyclic voltammetry experiment. For the high capacity
anode, the electrochemical performances were analyzed in half cell using lithium as a
reference electrode and newly developed anode materials as a working electrode. 1.0 M
LiPF6 dissolved in EC: DEC: DMC (1:1:1 by volume) was used as an electrolyte and
celgard 2325. Thus, fabricated half-cell was cycled in a galvanostatically from 0.005 – 3.0
V with a different scan rate. The possible redox activity of the electrode was analyzed by
cyclic voltammetry in the same half-cell configuration from 0.005 – 3.00 V at a different
scan rate.

2.5 Battery Performance analysis
The practical parameters frequently used to analyze battery performances are
specific capacity, coulombic efficiency, cycle life. These practical parameters provide
insights for the performances of the electrodes and electrolytes.
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2.5.1 Specific Capacity
The quantity of charged stored in an electrode per unit mass is defined as a specific
capacity and determined as
𝐶𝑠 =

𝐹×𝑞
𝑚𝐴ℎ 𝑔−1
𝑀 × 3.6

Where F= faradic constant, q = total charge stored per mole of electrode materials, and M
is the electrode’s formula mass. Usually, the battery data was presented in a specific
capacity form for the shake of convenience.
2.5.2 Coulombic efficiency (%)
The ratio of charge over discharge capacity is called coulombic efficiency,
expressed as a percentage. Coulombic efficiency provides information about the
reversibility of the electrode reaction, parasitic side reaction, and help predict the cycle life
of the battery. Low coulombic efficiency indicates that the electrode reaction is not
reversible and suffered from parasitic side reaction with electrolyte resulting in rapid
capacity fading leading to lower cycle life of the battery. Whereas high coulombic
efficiency indicates high reversibility of the electrode reaction, low side reaction that
increases the cycling stability, and cycle life of the battery.
The plot of capacity (charge/discharge) and coulombic efficiency (Figure 2.7 (a))
versus cycle number give the idea of the cycle life of the battery, as shown in the given
figure. Similarly, the plot of potential versus specific capacity (Figure 2.7 (b)) gives the
idea of the electrode reaction (lithiation and delithiation) and kinetics of lithium diffusion
reaction.
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Figure 2.7 (a) Charge discharge capacity of LMBs a cycle number demonstrating the long cycle
life of Li||SCPEs-HS4||LFP at a scan rate of 1C from 2.5-4.0 V; and (b) charge-discharge profiles
at different cycle number.
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CHAPTER 3:
CAN WE SIMULTANEOUSLY INCREASE THE IONIC
CONDUCTIVITY AND MECHANICAL STRENGTH OF THE
POLYMER GEL ELECTROLYTES?
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Reproduced in part from “Simultaneously Boosting the Ionic Conductivity and Mechanical
Strength of Polymer Gel Electrolyte Membranes by Confining Ionic Liquids into Hollow
Silica Nanocavities” Batteries & Supercaps, 2, 985-991, 2019 Wiley-VCH.

3.1 Introduction
The advancement of battery technology is essential for vehicle electrification and
grid application. The use of high energy density anode and the development of more robust
electrolytes determine the successful application of advanced battery to propel the dream
of an electric vehicle. The replacement of graphite by Li-metal boosts the energy density
of the current lithium-ion batteries (LIBs) because of high theoretical capacity (~3860 mAh
g−1 or 2061 mAh cm−3) and the lowest electrochemical potential (−3.04 V) of Li-metal.137142

However, challenges of the lithium anode such as Li dendritic growth, dead lithium,

and rapid capacity degradation have hampered its commercialization.

138, 141

Different

approaches such as using liquid electrolytes with additives,143-145 morphological
modification of anodes,16, 138, 146-147 and volume minimization84, 138 have been explored,
but could not completely solve the lithium dendrite problem as well as the accompanying
safety concerns.
Solid-state electrolytes (ceramics and polymers) are the potential successors of the
flammable liquid electrolytes as they offer better safety and device fabrication.84, 138, 142, 146,
148-156

Inorganic ceramic electrolytes usually have high ionic conductivity with high elastic

modulus to prevent Li dendrite growth, but they have low adhesion to electrodes, resulting
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in significant interfacial impedance.

138, 157

As a comparison, SPEs have low ionic

conductivity and low elastic modulus not enough to prevent Li dendrite growth, but they
are more flexible and have excellent adhesive properties along with better thermal,
mechanical, and electrochemical stability. Therefore, they have received worldwide
attention in generating high-performance LIBs and LMBs.

138, 158

So far, SPEs have not

been applied in commercial batteries due to their low room temperature ionic
conductivities.101, 159 To increase the ionic conductivity and suppress the crystallization of
SPEs, approaches such as plasticizing, crosslinking, and synthesizing block copolymers
have been explored.

106-107, 115, 160-164

However, none of them can simultaneously achieve

high ionic conductivity and mechanically robust membranes.
It has been demonstrated that dispersing inorganic filler particles into the polymer
matrix can enhance not only its mechanical strength but also its ionic conductivity because
of a large interfacial surface area and amorphization of the polymer matrix.165 Usually, two
types of inorganic filler particles—inert fillers without lithium-ion conduction such as
Al2O3, TiO2, SiO2 and active fillers with lithium-ion conduction such as Li3N, lithium
lanthanum zirconate(LLZO), lithium lanthanum titanate (LLTO), lithium lanthanum
zirconium thallium oxide (LLZTO), etc. — can be used to fabricate solid composite
polymer electrolytes (SCPEs). 98-101 To further enhance the ionic conductivities of SCPEs,
organic solvents have been used as plasticizers to form polymer gel electrolytes, which
compromise their safety. As an alternative to organic solvent, ILs have been extensively
investigated for application in LIBs due to their negligible vapor pressure, high ionic
conductivity, electrochemical stability, and non-flammability.68-73 Different strategies
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have been used to stabilize the lithium metal anode such as confinement of ILs into a
biomimetic ant-nest silica architecture166, or mixing ILs with a different polymer or metalorganic-framework (MOF).73, 167-170 However, the endless efforts to achieve mechanically
robust membranes with high ionic conductivity are not paying off.
Our idea is to pseudo-solidify liquid electrolytes to boost the mechanical strength
without hampering its liquid-like ionic conductivity. Herein, we break this deadlock by
proposing a new strategy: arresting the ionic liquids inside the nanospherical prison offered
by the nanoarchitecture from HS (Scheme 3.1). Simultaneously boosting mechanical
strength coupled with fast ion conduction is the core concept of this new strategy. Such
solid electrolyte is fabricated by confining ionic liquids 1-butyl-1-methylpyrrolidinium
bis(trifluoromethanesulfonimide)

(BMPy-TFSI)

together

with

lithium

bis(trifluoromethanesulfonimide) salt (LiTFSI) in the nanocavity of HS dispersed in the
matrix of poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-co-HFP). Thus
fabricated new solid electrolytes were named as solid composite polymer electrolytes
(SCPEs). Synthetic methods and the fabrication procedure of SCPEs are explained in the
experimental section.
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Scheme 3.1 Fabrication of SCPEs and probable Li-ion transport mechanism is indicated by the
arrowhead in which Li-ion and other ions migrate from one localized nanodomains created by
HS nanoparticles to another through the free volume created by frustrated packing of polymer
chain in the presence of HS nanoparticles

3.2 Experimental Section
3.2.1 Materials
PVDF-co-HFP (Aldrich, Mn ~300,000), methyl isobutyl ketone (MIBK, Acros,
99.5% analysis grade), LiTFSI, triblock copolymer Pluronic® F-127 (Mn ~12,000), 1,3,5trimethyl benzene, K2SO4, tetramethoxysilane, (3-mercaptopropyl)trimethoxysilane, 1methylpyrrolidine, and 1-bromobutane were purchased from Sigma-Aldrich and used as
received.
3.2.2 Synthesis of Hollow Silica (HS) Spheres
HS spheres were synthesized by following the published procedures.141, 171 Briefly,
triblock copolymer F-127 (1.00 g), 1,3,5-trimethyl benzene (1.00 g), and K2SO4 (0.87 g)
were dissolved in de-ionized water (60.0 ml) and stirred at 13.5 °C for 4 hours. Then
tetramethoxysilane (2.43 g) and (3-mercaptopropyl) trimethoxysilane (0.78 g) were added.
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After stirring at 13.5 °C for 24 hours, the mixture was transferred into a Teflon-lined
autoclave and aged for 24 hours at 100 °C. The formed precipitate was collected by
filtration, washed with DI water, and dried at 100 °C. Finally, it was calcinated at 550 °C
for 10 hours to obtain HS nanospheres.
3.2.3 Synthesis of 1-butyl-1-methyl pyrrolidinium bis(trifluoromethanesulfonimide)
(BMPy-TFSI)
Room temperature ionic liquid BMPy-LiTFSI was synthesized following the
published procedure.172 1-methyl pyrrolidine (32.01 g, 375.89 mmol) was charged in a
250.00 mL round-bottom flask cooled in an ice bath, followed by slow addition of 1bromobutane 56.67 g (413.57 mmol) under stirring. After addition, the reaction was
continued for three days under nitrogen. The obtained solid was washed with diethyl ether
(3×50 mL). The solvent was removed on a rotary evaporator and dried under a high vacuum
for 24 hours to obtain 1-butyl-1-methylpyrrolidinium bromide (BMPy-Br) (75.98 g, 85.7
%). Its structure was confirmed by 1H-NMR and

13

C-NMR.173 1H NMR (400 MHz,

DMSO-d6) δ 3.54–3.35 (m, 4H), 3.34 (t, J = 7.8 Hz, 2H), 3.00 (s, 3H), 2.07 (br s, 4H), 1.67
(quint, J = 7.8 Hz, 2H), 1.33–1.21 (m, 2H), 0.92 (t, J = 7.4 Hz, 3H). 13C NMR (100 MHz,
DMSO-d6) δ 63.3, 62.7, 47.4, 24.9, 21.0, 19.3, 13.5). Before ion exchange, BMPy-Br was
decolorized using activated charcoal. Thus, BMPy-Br (75.98 g, 342.02 mmol) was
dissolved in deionized (DI) water (160.00 mL) and heated to reflux with activated coconut
charcoal (13.0 g) for 12 hrs. The solution was cooled, filtered, and LiTFSI (108.00 g, 376.2
mmol) dissolved in DI water (100 mL) was slowly added under vigorous stirring for 12 hrs
to ensure complete anion exchange. The mixture was extracted with dichloromethane, and
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the combined organic layer was washed with DI water multiple times and dried over
magnesium sulfate. The solution was filtered, and the solvent was removed to obtain
BMPy-TFSI. Before use, BMPy-TFSI was further dried under high vacuum at 65 °C for
48 hrs. 1H-NMR (400 MHz, DMSO-d6) δ 3.52–3.35 (m, 4H), 3.32–3.25 (m, 2H), 2.97 (s,
3H), 2.08 (br s, 4H), 1.68 (quint, J = 7.8 Hz, 2H), 1.38–1.25 (m, 2H), 0.93 (t, J = 7.3 Hz,
3H). 13C NMR (100 MHz, DMSO-d6) δ 119.5 (q, JC–F = 321.9 Hz, NTf2), 63.4, 62.9, 47.5,
24.9, 21.1, 19.3, 13.5).
3.2.4 Fabrication of SCPEs
SCPEs were fabricated by a solution casting method, as illustrated in Scheme 3.1.
Before the fabrication of SCPEs, HS and solid silica (SS) nanoparticles were dried at 400
°C, and LiTFSI was dried at 150 °C under vacuum to remove moisture. A calculated
amount of PVDF-co-HFP and HS were added in a 20.00 mL scintillation vial and mixed
with 0.5 m LiTFSI in BMPy-TFSI (80 % by weight of PVDF-co-HFP and HS) with methyl
isobutyl ketone (MIBK) as a solvent. The mixture was heated at 70 °C for 12 hrs, and the
resulting homogeneous solution was cast on a glass Petri dish. The solvent was evaporated
slowly under the nitrogen atmosphere at room temperature. The obtained SCPEs were dried
at 110 °C under vacuum for a week to ensure complete solvent removal. For comparison,
SCPEs with and without HS particles were all prepared and labeled as SCPEs-HSx, where
x = 0%, 1%, 2%, 3%, 4%, and 8% representing the weight of HS present in SCPEs. In
addition, SCPEs with 80% IL (SCPEs-HS0) and 70% IL without HS (SCPEs-IL70) were
also prepared to investigate the IL effect on ionic conductivity. Furthermore, SCPEs with
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4 wt.% SS nanoparticles (av. size ~20 nm) (SCPEs-SS4) were prepared to investigate the
effect of silica architecture on ionic conductivity.
3.2.5 Materials Characterization
Infrared (IR) spectroscopy was carried out on a Nicolet IS50 FT-IR (ATR)
spectrometer in the range of 4000-500 cm-1. The 1H and 13C NMR spectra were obtained
on a JEOL 400 YH spectrometer (400 MHz) with DMSO-d6 as a solvent, and the chemical
shifts were referenced to the residual solvent. The surface morphology of SCPEs was
investigated by scanning electron microscopy (SEM), and the distribution of HS was
investigated by energy dispersive spectroscopy (EDS) mapping. Differential scanning
calorimetry (DSC) analysis was performed on a TA DSC Q100 under a continuous flow
of nitrogen. The samples were first cooled to and equilibrated at −90 °C and then heated to
100 °C at a heating rate of 10 °C/min, followed by quenching to and equilibrated at −90
°C again and heated to 100 °C at a heating rate of 10 °C/min. The second scan was used to
estimate the glass transition temperature (Tg). Thermogravimetric analysis (TGA) was
carried out on a TGA Q50 analyzer under nitrogen flow. All the samples were isothermally
held at 20 °C for 30 minutes and heated to 600 °C at a heating rate of 10 °C/min.
Stress–strain properties were measured on a dynamic mechanical analyzer (DMA
Q800). The polymer membrane was cut into a rectangular shape (4.0 mm × 3.0 mm) with a
thickness of approximately 0.1 mm for the measurement. Stress–strain analysis was conducted
under controlled force mode at 25 °C with a force ramp rate of 0.1 N min−1.
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3.2.6 Electrochemical Measurements
Ionic conductivity (σ) was measured using alternating current (AC) EIS on Biologic
VSP over frequency ranging from 200 KHz to 100 mHz with a 10 mV perturbation
potential. The measurement was carried out using Swagelok cells, which were assembled
inside an argon-filled glove box by sandwiching the SCPEs between two stainless steel
electrodes. The cells were equilibrated at each temperature for 45 minutes before
measurement. The ionic conductivity (σ) of the SCPEs was calculated by using the
following equation:
𝜎=

𝑙

(1)

𝐴𝑅

Where R is the SCPEs resistance, A is the surface area, and l is the thickness of the
membranes.
The temperature dependence of ionic conductivities of SCPEs can be well
described by the Vogel-Fulcher-Tammann (VFT) equation: 115, 134
−𝐸

𝑎
𝜎 = 𝜎𝑜 exp (𝑅(𝑇−𝑇
)
)
𝑜

(2)

Where 𝜎𝑜 , Ea, and R are frequency pre-factor, activation energy, and universal gas constant,
respectively. To is an empirical constant, usually 10–50 °C below the glass transition
temperature.
Linear sweep voltammetry (LSV) was carried out using platinum as a working
electrode and Li as a counter electrode from 1.0 V to 6.0 V vs. Li/Li+ with a scan rate of 10
mV/s. Symmetric Li||SCPEs||Li cells, which were assembled by sandwiching SCPEs
between two lithium disks as a non-blocking electrode in an argon-filled glove box, were
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used to study interfacial stability. Interfacial stability was measured by cycling the
symmetric Li cells with a sequence of 3 hours charge, 1 hr rest, and 3 hrs discharge, and 1
hr rest. LiFePO4 (LFP) cathodes were fabricated by homogeneously mixing LFP, carbon
black (CB 45), and PVDF in NMP in weight ratio 7:2:1, cast on the aluminum foil with 11.5 mg cm-2 active material loading on the electrode area of 1.27 cm2. Thus, prepared
electrodes were dried at 100 °C for 12 hrs in a vacuum oven. Coin cells were assembled
using lithium as anode and LFP as cathode and SCPEs as the electrolyte inside the glove
box. The cyclic voltammetry was performed on a bio-logic VSP instrument, and cycling
performance was carried out on Land Battery tester over a voltage range from 2.5 V–4.0
V at room temperature and 60 °C under different current rates.

3.3 Results and Discussions
3.3.1 Morphology Characterization
The surface morphology of SCPEs and distribution of HS was investigated by a
field emission SEM, TEM, and EDS mapping. Figure 3.1a shows that the HS nanoparticles
have an average diameter of ~25 nm with a ~4 nm wall thickness, consistent with a previous
report.141 The BET surface area of HS particles is ~616 m2/g, determined by N2-sorption
isotherm. The adsorption-desorption isotherm and corresponding Barret-Joyner-Halenda
(BJH) pore-size distribution plot is given in Figures 3.1b and 3.1c.
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Figure 3.1 (a) TEM image of HS spheres; (b) N2 sorption isotherm; and (c) BJH pore size
distribution of the HS powders.

Figures 3.2a & 3.2b show that HS nanoparticles are uniformly distributed in the
matrix of SCPEs-HS4, supported by the uniform distribution of Si, O, N, S of the key
components of HS, and BMPy-TFSI in Figure 3.3.

Figure 3.2 (a) SEM and (b) TEM images of SCPEs-HS4 electrolyte membrane showing the
uniform distribution of HS in the polymer matrix.
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Figure 3.3 SEM-EDS mapping images showing different components of HS and BMPy-TFSI IL
(O, F, Si, S, N) in SCPEs. These mapping images exhibit the uniform distribution of HS particles
throughout the SCPEs membrane, as shown by the Si mapping.

As demonstrated in the previous work141 and Figure 3.4, the HS nanospheres can
confine ionic liquid electrolytes inside their cavities through capillary action. The trapped
ionic liquid not only enhances ionic conductivity through the network of porous
nanochannel created by interconnected HS but also enhances the mechanical strength by
decreasing the plasticization effect of the ILs to the polymer matrix, as shown later. It has
also been demonstrated that the specific surface area of the ceramic fillers plays a
significant role in the electrochemical performance, that is, smaller particle size offers not
only larger surface area but also better battery cycling performance.99
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Figure 3.4 STEM-EDS spectrum imaging of HS soaked into BMPy-TFSI: (i) initial DF image
with the area used for elemental mapping highlighted in green, (ii) simultaneous DF image, (iii)
C K edge map, (iv) F K edge map, (v) N K edge map, (vi) S K edge map, (vii) Si K edge map,
(viii) O K edge map. Evenly distributed fluorine (F2), nitrogen (N2), sulfur (S), which are the
components of the ionic liquid, in the cavity of HS proved that HS could confine the ionic liquid
in the hollow cavity by capillary action

3.3.2 Fourier Transform Infrared (FT-IR) Study of SCPEs
The possible interaction and complexation among the HS, ILs, and polymer matrix
were investigated by infrared (IR) spectroscopy. Figure 3.5 shows the FT-IR spectra of
HS, BMPy-TFSI, PVDF-co-HFP, and SCPEs without and with HS. As shown in Figure
3.5a, pure PVDF-co-HFP contains a crystalline (α) phase appearing at 532, 612, 762, 795,
and 974 cm-1 while the spectral band around 870 cm -1 represents an amorphous (β) phase,
indicating PVDF-co-HFP is a semi-crystalline polymer. Although BMPy-TFSI shields
most peaks of PVDF-co-HFP due to the overlap of their spectra, there is still apparent
evidence of their interaction and complexation. For example, the CF2 symmetric stretching
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vibration peak shifts from 870 cm−1 to 880 cm−1, and the scissoring vibration peak of
vinylidene changes from a doublet to a single peak and shifts from a central position of
1390 cm−1 to 1410 cm−1 (Figure 3.5). Similarly, the disappearances of a peak at 974 cm-1
for C-F stretching vibration indicate a greater degree of the amorphous state due to
complexation with Il, HS, LiTFSi, and the polymer backbone. Besides, the interactions
introduce a new peak at 1640 cm−1 (Figure 3.5), possibly due to C=C double bond
formation by partial dehydro-fluorination of PVDF-co-HFP.101,99

Figure 3.5 FT-IR spectra of (a) HS; (b) BMPy-TFSI; (c) PVDF-co-HFP; (d) SCPEs-HS0; (e)
SCPEs-HS2; and (f) SCPEs-HS4

3.3.3 Thermal Analysis of the SCPEs
The thermogravimetric analysis (TGA) (Figure 3.6a) demonstrates the thermal
stability of the SCPEs. The decomposition temperatures of PVDF-co-HFP and BMPyLiTFSI are 480 and 410 °C, while those of SCPEs-HS0 and SCPEs-HS4 are approximately
400 °C, respectively. The overall high thermal stability of SCPEs demonstrates their
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suitability for high-temperature operation. Figure 3.6b shows DSC heating traces of
PVDF-co-HFP, IL, and SCPEs. The DSC trace of BMPy-LiTFSI is similar to that reported
in the literature, 174-175, except that the Tg of −87 °C cannot be shown due to the limitation
of the instrument.176 However, with the addition of 0.5 m LiTFSI, a Tg of −79.35 °C is
observed (Figure 3.6b).
Generally, the dominant feature of the SCPEs membranes comes from the ionic
liquid electrolyte, and the small amount of PVDF-co-HFP (~16–20 wt %) has a negligible
effect on the physical properties of the SCPEs.177 In addition, it seems that the addition of
HS to the IL electrolyte and SCPEs has little effect on their Tg (Table 3.1). The Tg increases
slightly with the increasing amount of HS in ionic liquids, which can be attributed to the
effect of HS that trapped some ionic liquids. The amount of HS is small (1-4%) comparing
to ionic liquids; due to this, it does not have pronounced effects on Tg. However, in the
semi-crystalline polymer matrix, Tg decreases with the addition of HS due to polymer filler
attractive interaction.178-179 It may be because of these two counteractive effects; the
addition of HS to SCPEs has little effects on the Tg. Therefore, DSC measurements clearly
indicate that the segmental motion of the polymer chain is not the major cause of enhanced
ionic conductivity.
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Figure 3.6 (a) TGA thermogram of PVDF-co-HFP, SCPEs, SCPEs-HS4, and IL; (b) DSC
heating traces for PVDF-co-HFP and SCPEs under nitrogen at a heating rate of 5 °C/min.

Table 3.1 The value of thermal parameters (Tg, Tc, and Tm) of the SCPEs-HS0-4 and HS-BMPyTFSI mixture.
Tg (°C)

Tc (°C)

Tm (°C)

BMPy-TFSI

-

-61.75

-9.76

0.5 m LiTFSI/BMPy-TFSI

-79.35

-38.80

8.42

HS1-BMPy-TFSI

-78.35

-35.84

10.70

HS2-BMPy-TFSI

-78.30

-36.81

10.53

HS3-BMPy-TFSI

-78.19

-36.18

9.47

HS4-BMPy-TFSI

-78.01

-36.39

9.47

SCPEs-HS0

-76.31

-38.29

8.42

SCPEs-HS1

-76.48

-38.29

9.47

SCPEs-HS2

-78.64

-42.73

3.98

SCPEs-HS3

-77.53

-40.62

8.63

SCPEs-HS4

-77.45

-37.24

10.53

PVDF-co-HFP

-35.15

-
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3.3.4 Effect of HS on Tensile Strength of SCPEs
Figure 3.7 shows that the tensile strength of the SCPEs were all much higher than
that without HS filler. The increase of mechanical strengths with the addition of
nanoparticles was as expected, which may be attributed to the strong interaction and
complexation of HS nanoparticles with the polymer backbone and BMPy-TFSI (supported
by IR results), and the decreasing plasticizing effect of the ionic liquid electrolyte as it can
be stored in the hollow cavities of HS.99, 141, 180 For example, the tensile strength of the
SCPEs increased from 0.2 MPa to 2.1 MPa when HS increased from 0 to 4 wt.%,
confirming the effect of the HS nanoparticles to improve the tensile properties of the
SCPEs. Further increase of HS content to 8 wt.% decreased the tensile strength, which
might be due to an aggregation of HS particles that hinders their homogeneous interaction
with the polymer chains.
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Figure 3.7 Tensile strength measurement of the SCPEs on a TA Q800 DMA analyzer using
a controlled force method with 0.1 N/min.

3.3.5 Effect of HS on Ionic Conductivity of SCPEs
As can be seen from Figure 3.8a, the ionic conductivity increases with increasing
HS content, and SCPEs-HS4 exhibits high ionic conductivities of 0.5 and 3.10 mS cm-1 at
20 °C and 60 °C, respectively. The significantly higher ionic conductivities of SCPEs with

60

HS than that without HS could be explained by the following unique nanoarchitecture of
the HS incorporated in the SCPEs. First, the presence of polymer matrix in the polymer gel
electrolyte impedes ion conduction of the ionic liquid electrolyte, as is evidenced by the
lower ionic conductivity of the polymer gel electrolytes than that of the pure ionic liquid
electrolyte, and the higher ionic conductivities of the polymer gel electrolytes with higher
amount of ionic liquid (Figure 3.8b).181-183 Second, the ionic conductivity of SCPEs with
HS is much higher than that with the same amount of solid silica spheres of comparable
sizes (SS, ~25 nm), i.e., SCPEs-HS4 vs. SCPEs-SS4 in Figure 3.8c. Third, as shown in
Figure 3.2, HS is homogeneously distributed in the polymer matrix, creating nondisturbing nanodomains of the ionic liquids strongly confined inside the HS, facilitating
the fast ion conduction through nanochannels of interconnected HS particles. This fact is
corroborated by the slight decrease in ionic conductivity of IL-HS dispersion because
monodisperse HS impede the Li-ion transport through IL (Figure 3.9). Therefore, the
increased ionic conductivities of SCPEs can only be attributed to the hollow architecture
of HS, creating nanodomains of IL that provide the nanochannels for fast ion conduction
that will be hindered by the polymer chains if no HS is incorporated. This result is a
significant achievement that demonstrates that nanoconfinement of ILs does not restrict the
liquid dynamics and mobility of the ILs.73
The temperature-dependent ionic conductivity was also fitted using the VFT
equation, and the parameters are tabulated in Table 3.2. As seen from the table, the lower
activation energy is always correlated with higher exponential pre-factor and higher ionic
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conductivity. 134 For example, SCPEs-HS4 has the lowest activation energy (0.95 kJ/mol)
and exhibits the highest ionic conductivity.

Figure 3.8 (a) Temperature dependence ionic conductivity of SCPEs, where solid lines are
obtained from VFT fit and marks are experimental data; (b) showing the effect of ionic liquid
concentration; and (c) exhibits the effect of silica architecture on the ionic conductivity.

Figure 3.9 Showing the difference in ionic conductivity of ionic liquids with and without HS
(3 % of the total weight of ionic liquid and HS).
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Table 3.2 VFT fit parameter obtained by fitting the temperature dependent ionic conductivity of
SCPEs using VFT equation 2
σ0

Ea (kJ/mol)

T0 (K)

SCPEs-HS4

-1.18

0.96

181.2

SCPEs-HS3

-1.27

1.05

170.5

SCPEs-HS2

-1.30

1.10

165.2

SCPEs-HS1

-1.33

1.11

160.8

SCPEs-HS0

-1.32

1.20

156.0

3.3.6 Electrochemical and Interfacial Stability of SCPEs
Figure 3.10 shows linear sweep voltammograms of SCPEs with and without HS.
Both electrolytes showed significant oxidation above 5.3 V vs. Li /Li+. However, the
SCPEs with HS had much lower current density than those without HS when the voltage
was higher than 4.5 V, suggesting the presence of HS effectively improves the
electrochemical stability of the SCPEs via effective complexation and interaction between
polymer, ILs, and HS, as is evidenced by the FT-IR study (Figure 3.5) and the mechanical
measurement (Figure 3.7).
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Figure 3.10 Linear sweep voltammetry of Li || SCPEs || Pt cell at a scan rate of 10.0 mV/s.

To investigate the stability of SCPEs-HS4 against Li metal, symmetrical Li cells
were cycled with a sequence of 3 hrs charge, 1hr rest, 3hrs discharge, and 1 hr rest. Figures
3.11a & 3.11b show the performance of the cells at current densities of 0.05 mA cm -2 at
RT and 0.15 mA cm-2 at 60 °C, respectively. The high voltage under lower current density
at room temperature than that under higher current density at 60 °C is mainly due to its
lower ionic conductivity at room temperature. Nonetheless, both cells maintain a stable
voltage profile after 700 hrs, suggesting that SCPEs-HS4 has excellent stability towards
lithium to ensure long cell life without short-circuiting. Figures 3.12a and 3.12b show the
performances of the Li|SCPEs-HS0|Li under the identical condition for Li|SCPEs-HS4|Li
at RT and 60 °C, respectively. At RT, the performance of the Li|SCPEs-HS0|Li
symmetrical cell is similar to that of SCPEs-HS4, whereas at 60 °C, Li|SCPEs-HS0|Li
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exhibits the fluctuating voltage profile with spikes after 30 hrs indicating short-circuit
because of its weak mechanical strength. This result indicates that the incorporation of HS
boosts the mechanical strength and electrode compatibility.

Figure 3.11 Cyclic performance of Li|SCPEs-HS4|Li cells at a current density of 0.05 mA cm-2
at room temperature (a) and 0.15 mA·cm-2 at 60 °C (b).

Figure 3.12 Cyclic performance of Li|SCPEs-HS0|Li cells at a current density of 0.05 mA cm-2
at room temperature (a) and 0.15 mA·cm-2 at 60 °C (b).

Electrochemical impedance spectroscopy (EIS) analysis shows that SCPEs-HS4
exhibited excellent electrode compatibility, as shown in Figure 3.13. Initially, impedance
slightly increased and stabilized after 35 days and remained stable throughout the
experiment time. These experiments indicate that SCPEs-HS4 is mechanically robust and
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electrode-compatible to stabilize the cell, preventing from short-circuiting in long term
battery cycling.

Figure 3.13 Electrochemical impedance analysis of Li||SCPEs-HS4||Li is showing a slight
increase in the impedance over 35 days and becomes stable indicating the excellent electrode
compatibility.

3.3.7 Electrochemical Performances of LMBs
Figure 3.14a show the cyclic voltammograms (CVs) of Li || SCPEs-HS4 || LFP cell
at a scan rate of 0.04 mV s-1 60 oC, which exhibits oxidation / reduction peaks 3.52 V / 3.33
V vs. Li/Li+. Figure 3.14b displays the charge-discharge profiles of the 1st, 100th, 250th,
and 450th cycles of the Li||LFP cell at a current rate of 0.17 mA cm-2 (~ 1C) at 60 oC. The
initial charge and discharge voltages are 3.49 and 3.37 V vs. Li / Li+, which agreed well
with the CV measurement in Figure 3.14a, as the time going through the electroactive
range of 3.44 – 3.58 V with a scan rate of 0.04 mV s-1 is about 1 hr, that is, 140 mV/0.04
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mV.s-1 = 3500 s. The low initial discrepancy of 120 mV between the charge and discharge
profile indicates good lithium kinetics within the cathode, facilitated by the high ionic
conductivity of SCPEs-HS4. The discrepancy increases with cycling, possibly caused by
increment of cell impedance. Figure 3.14c shows the charge discharge capacities with
coulombic efficiencies at various C rates from 0.017 mA cm-2 (~0.1 C) to 0.85 mA cm-2
(~5 C). The cell delivers reversible capacities of 168, 165, 160, 151, 133, 112, 92 and 76
mAh g-1 at 0.017 mA cm-2 (~0.1 C), 0.034 mA cm-2 (~0.2 C), 0.085 mA cm-2 (~0.5 C),
0.17 mA cm-2 (~1 C), 0.34 mA cm-2 (~2 C), 0.51 mA cm-2 (~3 C), 0.68 mA cm-2 (~4 C),
and 0.85 mA cm-2 (~5C) respectively. When the cell is cycled back at 0.017 mA cm-2 (~0.1
C), the reversible capacity also recovers to 168 mAh g-1, indicating good reversibility of
the cell. Figures 3.14d & 3.15e demonstrate long cycling performance of the cells at cycled
at 0.085 mA cm-2 (~0.5 C) at room temperature and 0.17 mA cm-2 (~1C) at 60 °C,
respectively. The reversible capacities initially increase with cycling and then slowly
decrease. The initial increment of capacity with cycling is common in polymer electrolyte
cells, mainly due to the activation of the cathode electrode and solid electrolyte interphase
.160, 183 With initial increase capacity, the coulombic efficiencies also quickly increase to
and maintain at 99.9% throughout the cycling process. The reversible capacities under high
scan rates of 0.17 mA cm-2 (~1C) and 0.34 mA cm-2 (~2C) at 60 °C are still as high as 151
and 130 mAh g-1 after 450 and 850 cycles, respectively, resulting in capacity retention of
92.7% and 91% (Figures 3.14e & 3.14f). The excellent cycling stability and rate capability
suggest that SCPEs-HS4 is an attractive electrolyte for solid-state lithium metal batteries.
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Figure 3.14 Electrochemical performance of Li|SCPEs-HS4|LFP at RT and 60 °C. a) Cyclic
voltammetry at a scan rate of 0.04 mV/s at 60 °C; b) charge discharge profiles at a current rate
of 0.17 mA cm-2 (~1C) at 60 oC; Specific capacities and coulombic efficiencies at different
current rates at 60 oC (c), at 0.09 mA cm-2 (~0.5 C) at RT (d), at 0.17 mA cm-2 (~1C) at 60oC (e),
and at 0.34 17 mA cm-2 (~2C) at 60oC (f).
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3.4 Conclusion
In summary, mechanically robust with fast ion-conducting solid electrolytes were
successfully fabricated using HS with unique architecture. The hollow spheres with porous
silica walls strongly confined the large amounts of ILs electrolytes, maintaining the
mechanical robustness through interaction and complexation, whereas the interconnected
silica network with the ILs-filled scaffold provided the nanochannels for fast ion
conduction. Thus, fabricated SCPEs-HS4 is flexible, optically transparent, and exhibited a
superior ionic conductivity of 0.5 and 3.1 mS·cm−1 at RT and 60 °C, respectively.
Symmetric Li||Li cell experiments exhibited the mechanical strength of the membrane
towards lithium dendrite suppression. Excellent compatibility towards lithium was verified
by the EIS study, indicating that these membranes are stable and suitable for long-term
operation of LMBs. The incorporation of HS simultaneously increases the ionic
conductivity, mechanical strength, and electrochemical stability by creating nanodomains
of ILs in the polymer matrix. LFP based LMBs with SCPEs as the electrolyte exhibit
superior long cycling stability, that is, a reversible capacity of 120 mAh g -1 at 0.085 mA
cm-2 (~0.5 C) at RT for 200 cycles; and high capacities of 151 mAh g-1 at 0.17 mA cm-2
(~1 C) for 450 cycles and 130 mAh g-1 at 0.34 mA cm-2 (~2 C) for 850 cycles at 60 °C,
respectively, with 99.9 % coulombic efficiency. Furthermore, superior ionic conductivity,
high thermal, mechanical and electrochemical stability, coupling with mechanical
robustness, make SCPEs an ideal candidate for the commercialization of LMBs.
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CHAPTER 4:
A LAYER BY LAYER (LBL) ASSEMBLY STRATEGY FOR
REINFORCING THE MECHANICAL STRENGTH OF AN
IONOGEL ELECTROLYTE WITHOUT AFFECTING IONIC
CONDUCTIVITY
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Reproduced in part from “A Layer-by-Layer (LbL) Assembly Strategy for Reinforcing the
Mechanical Strength of an Ionogel Electrolyte without Affecting Ionic Conductivity” ACS
Appl. Energy Mater. 3(2), 1265-1270, 2020 American Chemical Society.

4.1 Introduction
LIBs dominate the current market for energy storage devices.11,

137-138

To help

satisfy ever-growing energy demands, extensive research has been carried out to optimize
the performances of each LIB component.9-10, 66, 90, 184-186 Unfortunately, the current state
of the art cannot solve the safety problems of LIBs, and the demand for high energy density
necessitates the use of metallic lithium anodes, which further undermine safety.16, 84, 138, 187
The major issue for lithium anodes is the formation of lithium dendrites during cell
operation, which leads to a short-circuiting, explosion, and other problems.
The development of safer batteries with high energy density requires replacing
flammable liquid electrolytes with solid electrolytes. Thus, it is necessary to develop solid
electrolytes that are high in ionic conductivity, mechanically robust, electrochemically
stable, and electrode-compatible so that they can be used to replace liquid electrolytes.84,
188-193

Glass/ceramic electrolytes,153, 194 solid polymer electrolytes (SPEs),154-155, 195 and

composite electrolytes192-193 have been investigated for potential use. Although the ionic
conductivity of ceramic electrolytes is adequate, their significantly considerable interfacial
resistance and brittle nature hinder their practical application.85 On the other hand, SPEs
attract attention because they are flexible and cost-effective and could be easily scaled up
by industry. However, their mediocre mechanical properties and lower ionic conductivity
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have hindered their practical use.196 A hybrid of a ceramic and SPE called “composite
electrolytes” can enhance the ionic conductivity while maintaining flexibility and
mechanical strength.155,

193, 197-198

However, none of these efforts has been fruitful in

achieving ionic conductivity comparable to that of liquid electrolytes. High ion conduction
has been possible in gel electrolytes only at the expense of mechanical strength, as ionic
conductivity and mechanical strength are inversely coupled.
Organic solvents; room-temperature ionic liquids; inorganic particles such as
alumina, silica, hollow silica nanospheres, and metal-organic frameworks have been doped
into the polymer matrices to increase the ionic conductivity of polymer gel electrolyte /
ionogel.68-70, 73, 98, 168-169, 199-200 The incorporation of inorganic particles does improve the
mechanical properties of polymer electrolytes. However, it requires that more electrolytes
be doped into the polymer membrane, which decreases the mechanical strength even in the
presence of inorganic particles. Among the different strategies proposed, confining ionic
liquids into the nanocavities of hollow silica nanospheres has shown promising mechanical
strength enhancement along with high ionic conductivity201, but the mechanical rigidity of
the membrane has remained insufficient to suppress the formation of lithium dendrites.
Therefore, it is essential to develop a strategy that simultaneously boosts the ionic
conductivity and mechanical rigidity of the polymer gel electrolyte. If suitable polymer gel
/ ionogel electrolytes could be fabricated, they would increase the energy density and safety
of LMBs. G. Decher202 first described the fabrication of multilayer polyelectrolytes by the
sequential adsorption of polyanions and polycations, called LbL assembly. Subsequently,
the LbL approach was applied to fabricating composite membranes for use in device
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production, sensors, biomedicine,203-204 reverse, and forward osmosis,205-206 separations,207208

conducting films,209 nanofilters for water desalination,205 and fuel cells.210 The strong

electrostatic attractive force between polyanions and polycations makes the membrane
fabrication process simple and straightforward and results in mechanically robust
membranes.
The fabrication of the LbL membrane was only carried out on the charged substrate
to date. Herein, for the first time, we propose a promising strategy to enhance the
mechanical strength of an ionogel electrolyte while maintaining high ionic conductivity by
coating the membrane with ultrathin layers of polyanions and polycations via LbL
assembly on the neutral polymer matrix (Scheme 4.1). The strong electrostatic interaction
between polyanions and polycations increased the mechanical strength without affecting
the ionic conductivity. A pseudo-solid polymer membrane electrolyte was fabricated
beginning with an ionogel made by blending the ionic liquid BMPy-TFSI with a LiTFSI
in a matrix of PVDF-co-HFP. The mechanical strength of that membrane was then
enhanced by an ultrathin coating of polyanions (lithiated Nafion [Li-Naf], lithiated
polystyrene sulfonate [Li-PSS]) and a polycation (poly diallyldimethylammonium
chloride) laid down alternately in an LbL approach.
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Scheme 4.1 Schematic representation of reinforcing the mechanical strength of ionogel
electrolytes by coating ultrathin layers of polyanions and polycations in both directions
linearly via LbL assembly.

4.2 Experimental Section
4.2.1 Materials
PVDF-co-HFP (Aldrich, Mn ~130,000), MIBK (Acros, 99.5% analysis grade),
LiTFSI, LiOH, 1-methylpyrrolidine, 1-bromobutane were used as received. Nafion (ion
powers inc), Poly (diallyldimethylammonium chloride) (Mw=400,000- 500,000, Sigma
Aldrich) and poly (styrene sulfonic acid) (Mw= 130, 000, Sigma Aldrich) were used as
received.
4.2.2 Synthesis of Ionic Liquids and Lithiated polyanions
Ionic liquid BMPy-TFSI was synthesized using the procedure mentioned in chapter
3. Nafion and poly (styrene sulfonic acid) were neutralized by titrating a 0.5 M LiOH
solution to obtain the lithiated form of these polyanions.
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4.2.3 Fabrication of Pseudo-Solid Membrane via Layer by Layer (LbL) Assemblies
PVDF-co-HFP (30% by weight), 0.5 molal (m) LiTFSI in BMPy-TFSI (70% by
weight) were dissolved in acetone at 50° C for 5 hours to make the homogeneous solution.
The polymer gel was fabricated by casting the solution of polymer- ionic liquid electrolytes
on petri-dish and evaporating the solvent under the ambient condition followed by dring at
100°C for 12 hours and hereafter referred to as an ionogel. After drying the membrane,
ultrathin coating of polyanions and polycations were carried out via layer by layer
assemblies. (Scheme 1). At first, ionogel was dipped into the 1% solution of lithiated
Nafion/ lithiated poly (styrene sulfonic acid) for 30 seconds, followed with DI water rinsing
to remove loosely attached polymer chains. After air-drying the layer, it was immersed into
a 1 % solution of poly (diallyldimethylammonium chloride) for 30 seconds, followed by
washing in deionized water to remove loosely held polymer on the surface. This process
was repeated five times. The outer layer of the membrane was polyanionic polymers, either
lithiated Nafion or lithiated poly (styrene sulfonic acid). Then, the membrane was dried in
a vacuum oven at 120°C for ten days to remove the trapped water and stored in an argonfilled glove box (moisture < 0.5 ppm). Thus, fabricated membranes were referred to as
LbL-LiNaf (if the outer layer is lithiated Nafion) and LbL-LiPSS (if the outer layer is
lithiated poly (styrene sulfonic acid).
4.2.4 Membrane Characterization
FT-IR spectroscopy was conducted to analyze the coulombic interaction between
polyions in the range of 4000-500 cm-1. SEM was used to investigate the surface
morphology of uncoated ionogel and ionogel with LbL coating. Tensile strength was
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measured on a DMA Q800 using a rectangular shape membrane using controlled force mode
at constant temperature (25 °C) with a 0.1 N min-1 force ramp.
4.2.5 Electrochemical Measurements
The conductivity of the samples was measured using the Alpha-A analyzer from
Novocontrol in a frequency range of 10-1 Hz to 106 Hz. The plate capacitor was used with
two parallel round metallic electrodes, separated by the membrane. The samples were
placed in the area between the electrodes and measured with an ac voltage amplitude signal
of 0.1 Vrms. A Quattro temperature controller by Novocontrol was used for different
temperature measurements. The temperature stabilization at each temperature was 1000
sec to maintain a stable temperature within 0.2 K. The temperature dependencies of ionic
conductivity were fitted by Vogel-Fulcher-Tamman (VFT) equation, as mention in chapter
2.
LSV was conducted using Li||LbL-membrane||Pt cells from 2.0 V to 6.0 V vs.
Li/Li+ with a scan rate of 10 mV/s. Symmetric Li||LbL-LiNaf||Li cells were assembled in
an argon atmosphere (moisture and oxygen < 0.5 ppm) and used to study interfacial
stability and measure lithium transference number (tLi+), in which membranes were
sandwich between two lithium discs. Combination of dc polarization and ac impedance
measurements was used to calculate tLi+ using the following equation:211-212
tLi+ = [Is (∆V-IiRi)]/[Ii (∆V-IsRs)]
where ΔV is the polarization bias voltage, Ii, Ri, and Is, Rs are initial and steady-state
currents and resistance, respectively.

76

Symmetric Li||LbL-LiNaf||Li cells were periodically cycled (3 hours charge, 1 hr rest
followed by 3 hrs discharge and 1 hr rest) to determine interfacial stability. LiFePO4 (LFP)
cathodes were prepared by homogeneously mixing LFP, carbon black (CB 45), and PVDF
in NMP in weight ratio 7:2:1, cast on aluminum current collector followed by drying at
100 °C for 12 hrs in a vacuum oven. The loading of active material was around 3.0-3.5 mg
cm-2 with an electrode area of 1.27 cm2. Coin cells were assembled using lithium as anode
and LFP as the cathode and LbL membranes as the electrolyte inside the high purity argon
gas (oxygen and moisture < 0.5 ppm) filled glove box. The cycling performance was
carried out on Land Battery tester over a voltage range from 2.5 V–4.0 V at a scan rate of
0.1 C at 60 °C and cyclic voltammetry was conducted in on a bio-logic VSP instrument
from 2.5 V–4.0 V at a scan rate of 0.04 mV s-1.

4.3 Results and Discussions
4.3.1 Morphology Analysis by SEM
Figure 4.1a is a scanning electron microscopy (SEM) image of the surface
morphology of the original ionogel membrane showing the porous structure that facilitated
lithium-ion conduction. The formation of the porous structure may have been due to the
phase separation caused by the moisture present in the surface during the evaporation of
the solvent at ambient conditions. Figures 4.1b and 4.1c show the morphology of LbLLiPSS and LbL-LiNaf, which also preserve the porous structure of the ionogel. SEM
images show the polyanion–polycation layer coated on the surface, which was verified by
morphological change and mechanical strength testing.

77

Figure 4.1 Scanning electron microscope images of (a) Ionogel membrane, (b) LbL-LiPSS, and
(c) LbL-LiNaf.

4.3.2 FT-IR Analysis of LbL Membranes
An FT-IR spectroscopy study reveals that the LbL coated membrane becomes
hydrophobic (absence of OH stretching band ~3600-3400 cm-1) due to electrostatic
interaction between polyanions and polycations as seen in Figure 4.2. The absence of
absorption band at 1640 cm-1 due to interaction between LiTFSI and PVDF-co-HFP
indicates the electrostatic interaction between polyanions, polycations, LiTFSI, BMPyTFSI (IL). The drop in intensity of the peak at ~1400 cm-1 (scissoring vibration of
vinylidene group), 870 cm-1 (combined -C-C- and CF2 symmetric stretching vibration), and
830 cm-1 (mixed CH2 rocking mode) indicate the electrostatic interaction between
polyanion, polycation, PVDF-co-HFP backbone, ILs, and LiTFSI.
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Figure 4.2 FT-IR spectra of ionogel, LbL-LiPSS, and LbL-LiNaf showing the electrostatic
interaction

4.3.3 Effect of LbL Coatings on Tensile Strength
Mechanical strength is the most crucial factor in suppressing lithium dendrite
formation in lithium metal anodes. Because a large amount of plasticizer (ionic liquid) was
present in the original ionogel electrolyte, it exhibited low mechanical strength, making it
unsuitable for application in LMBs. Figure 4.3 shows that the tensile strength of the LbL
analogs was higher than that of the original electrolyte, even with a nanometer range
coating on the gel electrolyte surface. The increase in the mechanical strength was expected
and may be attributed to the strong electrostatic interaction between the layers of the
oppositely charged polymer ions. As a result of the strong electrostatic interaction between
the polyanions and polycations, the coated ionogel membrane behaved like a self-standing
solid membrane, as was verified by enhanced tensile strength measurement. Changing the
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polyanion from LiPSS to LiNaf further improved the mechanical strength, possibly due to
a more robust structure of Nafion. Surprisingly, LbL coating increases the elastic behavior
of the electrolyte membrane with increased tensile strength. This may be the reason for the
observed ionic conductivity of the LbL reinforced ionogel comparing with starting ionogel.
The elastic behavior of the membrane is beneficial for the smooth operation of the battery
during extreme external force acting on it as the elastic nature of the membrane help make
contact between the electrodes when force is released.

Figure 4.3 Tensile strength measurements of polymer gel, LbL-LiPSS, and LbL-LiNaf on a TA
Q800 DMA analyzer using the controlled force method with a force ramp rate of 0.1 N/min.
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4.3.4 Effect of LbL Coating on Ionic Conductivity
The temperature dependencies of the ionic conductivities of the starting ionogel,
the LbL-LiPSS, and LbL-LiNaf membranes were measured by broadband dielectric
spectroscopy and are presented in Figure 4.4a.

Figure 4.4 (a) Temperature dependencies of ionic conductivity of an ionogel, LbL-LiPSS, and
LbL-LiNaf (square symbols) and corresponding VFT fitting curves (solid lines); (b)
Temperature dependencies of ionic conductivity of an ionogel, and 0.5 m LiTFSI / BMPy-TFSI.

The ionic conductivities of the membranes treated with the LbL coating exhibited
VFT behavior (𝜎 = 𝜎0 exp (−𝐵/(𝑇 − 𝑇0 ))); their fitting parameters are given in Table 4.1.
The LbL coating not only enhanced the mechanical strength but also trapped the plasticizer
(ILs) of the ionogel and prevents it from leaking (~5 weight % loss of ILs during LbL
assembly formation) and maintains the high ionic conductivity of the gel membrane. The
enhancement of the mechanical strength by the LbL coating had a small effect on the ionic
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conductivity of the ionogel electrolyte, probably because of enhanced elasticity of the
membrane indicating the better segmental motion of the polymer matrix. At 10 °C, the
ionogel exhibited 1.49 × 10−4 S cm−1 ionic conductivity, whereas the mechanically robust
membrane coated with LbL-LiPSS and LbL-LiNaf, exhibited ionic conductivities of
1.45×10−4 S cm−1 and 1.35× 10−4 S cm−1, respectively, which are slightly smaller than that
of the uncoated gel membrane. The temperature dependencies of ionogel and 0.5 m
LiTFSI/BMPy-TFSI electrolytes were plotted in Figure 4.4b, which shows the lower ionic
conductivity of 0.5 m LiTFSI/BMPy-TFSI electrolytes is due to the crystallization at a
lower temperature. The Fitting of the temperature-dependent ionic conductivity by the VFT
equation shows the lower activation energy correlated with higher ionic conductivity134(see
Table 4.1). This result demonstrates that the LbL coating is a promising approach for
enhancing the mechanical strength without affecting the liquid-like conductivity of
polymer gel electrolytes.

Table 4.1 VFT fit parameter and error obtained by fitting the temperature-dependent ionic
conductivity of uncoated ionogel and LbL reinforced ionogel using the VFT equation.
σ0[S/cm]

LbLLiNaf
Ionogel
LbLLiPSS

B[kJ/mol]

T0[K]

Value

Std.
Error

Value

Std. Error

Value

Std.
Error

0.11
0.59

0.03
0.04

5.54
8.40

0.07
0.01

183.83
160.79

0.006
0.001

0.27

0.02

7.11

0.05

169.83

0.004
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4.3.5 Enhancement of LTN via Electrostatic Interaction between Polyions

LTN (tLi+) was measured by using DC polarization and AC impedance
spectroscopy. Figures 4.5 (a & b), & 4.6 (a & b) show the polarization curves and the
impedance spectra of the initial and steady-state of LbL-LiNaf and ionogel at 60 °C,
respectively. The tLi+ is calculated to be ~0.12 and ~ 0.04 for LbL-LiNaf and ionogel,
respectively. The tLi+ value of ionogel is similar to those measured by using a pulsed-field
gradient NMR method for 0.5 M LiTFSI solutions in different imidazolium ionic liquids.213
The higher tLi+ value of LbL-LiNaf than that of ionogel indicates that electrostatic
interaction between polyanions and polycations might play a role in decoupling Li cation
from its counter anion as well as limiting the migration of the latter.214
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Figure 4.5 (a) DC polarization of LbL-LiNaf; and (b) Impedance spectra of LbL-LiNaf before
and after 10 mV DC polarization measured at 60 °C.

Figure 4.6 (a) DC polarization of ionogel; and (b) AC impedance spectra of ionogel before and
after 10 mV DC polarization measured at 60 °C.

4.3.6 Electrochemical and Interfacial Stability of LbL Membranes
The LbL coating not only enhanced the mechanical rigidity of the gel electrolyte
membrane but also significantly improved its electrochemical stability window. Figure 4.7
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shows the linear sweep voltammograms of the ionogel before and after its mechanical
strength was reinforced via the LbL coating. The uncoated electrolyte exhibited a much
higher current when the voltage was higher than 4.5 V, whereas the membrane coated with
both LbL-LiPSS and LbL-LiNaf showed oxidation after 5.5 V. The instability of the
electrolytes at high potentials is due to the anodic decomposition of the anions215-216.
Therefore, extended electrochemical stability of the LbL membrane can be attributed to the
unavailability of the anions as they were trapped by mechanically robust electrostatic
interaction between polycations and polyanions. This result suggests that the LbL coating
enhanced the electrochemical stability of the electrolyte and that such a mechanically
reinforced electrolyte membrane is useful for high-voltage battery operation.

Figure 4.7 Linear sweep voltammetry of Li || LbL-ionogel || Pt cell at a scan rate of 10.0 mV/s.

Li||LbL-LiNaf||Li symmetrical cells were periodically charged and discharged at
constant current density (0.1 mA/cm−2) at 60 °C and 30 °C to investigate the interfacial
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compatibility and mechanical stability of the LbL membranes against lithium dendrites.
Figure 4.8 shows the stable voltage profile with no voltage drop after 590 h, suggesting
that the LbL-coated membranes exhibit excellent interfacial and mechanical stability
toward lithium metal, which is the critical factor for long term-operation without shortcircuiting. A similar trend was observed with a higher voltage profile (Figure S5 at 30 °C)
that may be due to lower conductivity at that temperature.

Figure 4.8 Cyclic performance of Li||LbL-LiNaf||Li cells at a current density of 0.1 mA cm-2 at
60 °C.
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4.3.7 Electrochemical Performances of LbL Membranes
The cyclic voltammetry of Li||LbL-LiNaf||Al at 0.1 mV s-1 scan rate exhibits that
the LbL-LiNaf|Al interface becomes stable after a couple of initial scans because of the
formation of a passivating layer of AlF3 via oxidation of Al (Figure 4.9a), indicating no
significant reaction between LbL-LiNaf and Al. The cyclic voltammetry of Li||LbLLiNaf||LFP at 0.04 mV s-1 scan rate (Figure 4.9b) exhibits the oxidation/reduction peaks
at 3.63/3.34 V vs. Li/Li+, indicating the typical LFP cathode chemistry.

Figure 4.9 (a) CV plot of Li||LbL-LiNaf||Al at 0.1 mV s-1 scan rate; (b) CV plot of Li||LbLLiNaf||LFP at 0.04 mV s-1 scan rate.

Finally, we tested Li ||LbL-LiNaf||LFP as an all-solid-state cell configuration with
lithium metal as the anode, LbL-coated membrane, as a solid-state electrolyte, and lithium
iron phosphate (LFP) as the cathode. Figures 4.10a and 4.10b show the cycling
performances of the cells at a 0.1 C scan rate at 60 °C and the charge-discharge profiles for
the 1st, 2nd, 10th, and 80th cycle. In the voltage profiles, clear plateaus are observed at
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around 3.48 V, indicating the typical LFP cathode voltage profiles. The Li||LbL-LiNaf||LFP
cell exhibits overpotentials of slightly higher than 120 mV during the first cycle, and
overpotentials drop to 100 mV for the subsequent cycles at a 0.1 C scan rate, indicating the
fast lithium kinetics within the LFP cathode facilitated by the high ionic conductivity of
the LbL membranes. The capacity and coulombic efficiency initially increases and
becomes stable with cycling, a characteristic property of polymer electrolytes due to
activation of the cathode materials and formation of solid electrolyte interphase.156, 217 After
85 cycles, the Li||LbL-LiNaf||LFP cell delivered a reversible capacity of 150 mAh g−1 with
99.9 % coulombic efficiency. This preliminary testing in a solid-state cell configuration for
LMBs indicates that this novel approach of reinforcing the mechanical strength of the gel
electrolytes using the LbL approach can improve the electrochemical performances of
LMBs. The properties of the membranes can be enhanced by tuning the coating layers,
selecting different polyanions and polycations, and modifying the composition (e.g., using
different polymer matrices, varying the types and amounts of ionic liquids) of the gel
electrolyte, which optimizes the membrane properties and could pave the path for the
commercialization of LMBs.
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Figure 4.10 Electrochemical performance of Li||LbL-LiNaf||LFP at 60 °C. Showing (a) charge
and discharge capacity and (b) voltage profiles at a current rate of 0.1 C.

EIS analysis shows that Li||LbL-LiNaf||Li exhibited excellent electrode
compatibility, as shown in Figure 4.11a. Impedance spectra exhibited that interfacial
resistance decreased over the cycling time. EIS spectra of Li||LbL-LiNaf||LFP (Figure
4.11b) show the lower and stable interfacial resistance indicating the excellent electrode
compatibility of the LbL-LiNaf. These results indicate that LbL-LiNaf is mechanically
robust and electrode-compatible to stabilize the cell, preventing from short-circuiting in
long term battery cycling.
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Figure 4.11 (a) Electrochemical impedance spectra of Li||LbL-LiNaf||Li showing the drop of
bulk as well as interfacial resistance; (b) Electrochemical impedance spectra of Li||LbLLiNaf||LFP showing the stable electrode/electrolyte interface and excellent electrode
compatibility of the membrane.

After cycling Li||LbL-LiNaf||Li at 0.1 mA cm-2 at 60 °C for 500 hrs, the cells were
disassembled inside an argon-filled glovebox, and the cell components (lithium, SCPEs,
LbL-LiNaf) were investigated by SEM (Figure 4.12). Figures 4.12 (a, b, and c) exhibit
no noticeable surface defects and very smooth LbL-LiNaf before and after the cycling
indicating that LbL-LiNaf is mechanically robust. This result was supported by the
morphology of the used lithium (Figure 4.12 (e, f, and g)), which does not exhibit the
dendrite growth. Figure 4.12f exhibits a suppressed lithium protuberance (inside red
circle) distributed in a larger area suggesting the homogeneous lithium plating/striping
during cycling as a result of highly conducting mechanically robust membranes.
Furthermore, a comparison of LFP cathode before and after cycling (Figure 4.12 (h and
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i)) reveals no apparent morphological changes that are the indication of the stable LbLLiNaf/ LFP interface.

Figure 4.12 Comparison of LbL-LiNaf, Lithium anode, and LiFePO4 (LFP) cathode before and
after cycling at 60 °C. (a) fresh LbL-LiNaf; cycled LbL-LiNaf during Li plating/striping
experiment after 500 hrs (b and c); Fresh (d, and e) and cycled Li metal anode (f, and g); fresh
(h) and cycled LFP (i).

4.4 Conclusions
In conclusion, we propose a promising strategy to boost the mechanical strength of
polymer gel / ionogel electrolytes without affecting ionic conductivities via LbL membrane
fabrication. Coating ultrathin layers of polyelectrolytes on the surface of a gel electrolyte
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enhanced its rigidity by approximately five times through a robust electrostatic interaction
permitting fast lithium-ion conduction. The mechanically reinforced ionogel exhibited
ionic conductivities of 1.45×10−4 (LbL-LiPSS) and 1.35× 10−4 S cm−1 (LbL-LiNaf) at
10°C, which is slightly smaller than that of the uncoated ionogel ( 1.49 × 10−4 S cm−1) at
the same temperature. The LbL coating not only enhanced the mechanical rigidity but also
significantly increased the electrochemical stability window (5.5 V), making it suitable for
high-voltage battery operation. The Li||Li symmetric cell experiment demonstrated the
excellent interfacial and mechanical stability toward lithium metal without short-circuiting
after 590 h. As well, the Li||LbL-LiNaf||LFP cell performance demonstrated that
mechanically reinforced ionogel membrane via LbL coating could be a better alternative
to replacing liquid electrolytes for the commercialization of LMBs.
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CHAPTER 5:
TRANSFORMATION OF MXENE INTO 2D TITANIUM
OXYFLUORIDE (TIOF2/C) SHEETS VIA FLUORINATION FOR
LITHIUM STORAGE AS ANODE MATERIAL
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Reproduced in part from “Fluorination of Mxene by Elemental F2 as Electrode Material
for Lithium-Ion Batteries” ChemSusChem 12, 1316-1324, 2019 Wiley-VCH

5.1 Introduction
In the pursuit to engineer better electrode materials for lithium-ion batteries (LIBs),
Ti3AlC2 that is part of the MAX phases was shown to form 2D Ti3C2 crystals (MXene)
through selective HF etching of the Al layers218. Additionally, it was also shown that
MXene could be produced using safer handling HF-containing (NaF2, KHF2, and
NH4HF2)219 and HF-forming (LiF + HCl)220 etchants. Regardless of which method is used
to prepare MXene, the etching results in surface F and OH surface functional groups due
to the presence of HF and water. Given the presence of 2D layers, MXene has been widely
studied for its electrochemical applications and specifically for LIBs as an intercalation
pseudo-capacitor electrode

221-227

. However, due to the compact atomic arrangement of

MXene, which would hinder the diffusion of Li+ perpendicular to the layer plane, the
electrodes have a reduced power density

228

. In order to increase the power density of

MXenes, Ma et al. 229, for example, prepared hybrid 3D porous MXene / reduced graphene
oxide films where the 3D structure facilitates the diffusion of Li+. Another possibility to
enhance the electrochemical performance of MXene electrodes is by changing their surface
functional groups – calculations have shown that MXenes have a tunable band gap
controllable by changing their surface termination

218, 230

. It was also demonstrated that

post-etch annealing of MXenes in different gas environments resulted in changes in the
surface termination, structure and thus their electrochemical performance 231. It is therefore
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clear that the exploration of other fluorination methods of MXenes would result in different
surface termination products that would influence their electrochemical properties.
Currently, conversion electrodes have been actively investigated as alternatives to
traditional intercalation electrode materials to enhance the energy density of LIBs.
Conversion electrodes have shown promise for the development of high reversible
capacities. Within this class of electrodes, several oxyfluorides have attracted interest, and
it is essential to note that these may display intercalation behavior early in the discharge
cycle. These include transition metal oxyfluorides such as FeOF, NbO2F, and TiOF2 that
are typically synthesized by solid-state reactions and wet chemistry. Of these examples,
TiOF2 has been synthesized by multiple methods, including (a) immersion of anatase TiO2
in an HF solution for 24 hours, followed by evaporation or evaporation and calcination in
an Ar atmosphere at 400 °C 232-233; (b). direct fluorination of TiO2 to form TiOF2 234. TiOF2
offers advantages from both the oxide and fluoride anions for improved capacity, high
voltage, good conductivity, and stable charge discharge cyclability 235.
Fluorination has drawn attention as a tool for post-processing in order to modify
materials for enhanced properties in different applications

234, 236-240

. There are several

methods of fluorinating materials, such as the wet chemical method in which the material
is dispersed and reacted with a fluorinated solution (i.e., HF, NH4HF2, etc.), which in the
case of Ti3AlC2 is also ideal for causing exfoliation through preferential etching of Al from
the structure; in this approach the F content is low, and thus the yield is limited 241-242. Other
approaches include low-temperature solid-state reaction with fluorinating agents such as
NH4F, CuF2, ZnF2, PVDF or XeF2, electrochemical fluorination, or direct fluorination in
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plasma (e.g., CF4 and SF6 fluorine sources); these reagents may be expensive (e.g., XeF2),
and may require relatively high temperatures (~ 350 °C) for fluorination236, 241. Where
lower temperatures are required to stabilize a reaction product, the more aggressive direct
fluorination with F2 may be used 237, 239-240. The fluorination method used must, therefore,
be tailored to the reaction product of interest, along with careful control of experimental
conditions. A direct fluorination method was thus developed by the Dai group243, where
different materials can be fluorinated at relatively low temperatures for enhanced
properties.
In this work, we demonstrate that direct fluorination of MXene can produce a high
degree of fluorination with retention of overall 2D sheet-like particle morphology. The
fluorinating time results in different F species on the surface of the material that has
electrochemical implications. By increasing the fluorination time to 24 hours, the MXene
based phase is fully converted to TiOF2 with superior electrochemical performance in
terms of increased capacity, rate capability, and cycling stability.

5.2 Experimental Section
5.2.1 Material Synthesis
Ti3C2X2 (X = OH, O, F) was synthesized from Ti3AlC2, where the Al atoms
were removed via HF etching, as has been reported

244

. Typically, 10 g of

commercial Ti3AlC2 powders were added into a 49 wt. % HF solution, heated to 60
°C and continuously stirred for 24 hours. The suspension was further centrifuged
and thoroughly rinsed with deionized water up to a solution pH of > 6. The product
was finally washed with ethanol and then dried at 60 °C for 24 h and here forth
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denoted as MXene. The fluorination of MXene powders was carried out in a
fluidized bed reactor (FBR) setup, as shown in Figure 5.1. Before the fluorination
process, MXene powders were dried at 150°C under high vacuum overnight in order
to remove moisture. The FBR is connected to a gas mixing device that controls a
flow of F2 and N2 gas. The F2 gas used in this experiment is 20 % F2 in N2. The
dehydrated MXene was weighed and placed in the FBR tube and hermetically
sealed. Before ramping the temperature, the FBR tube containing the MXene
powder was purged for 1 hour with flowing N2 gas. The FBR tube temperature was
then increased to 130 °C (or 150 °C), and once the temperature was reached, F2 gas
was allowed to pass through the FBR tube along with N2 gas as the carrier gas
supply.

Figure 5.1 Schematic representation of the FBR set up for the fluorination.
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After the predetermined fluorination time (see Table 5.1), F2 gas flow was
stopped, and the FBR tube was allowed to cool to room temperature under N 2 gas
flow. Once the FBR tube was at room temperature, it was detached from the reactor
system. The fluorinated MXene samples, denoted here forth as FMX3, FMX6, and
FMX24 for 3, 6, and 24 hours of fluorination, respectively, were weighed before
and after fluorination to determine the weight gain as shown in Table 5.1. The
experimental conditions used are summarized in Table 5.1.
5.2.2 Chemical and Microstructural Characterizations
XRD patterns were collected on a Panalytical Empyrean X-ray diffractometer
using Cu Kα radiation at 40 kV and 20 mA over a 2θ range from 5° to 65°, counting
for 150s per step of 0.026°. Micrographs of the samples were obtained from a Zeiss
EVO-MA15 SEM. The XPS data were obtained using a Thermo Scientific
(Waltham, MA, USA) Model K-Alpha instrument, with a monochromated, microfocusing Al Kα X-ray source (1486.6 eV).
5.2.3 Electrochemical Characterizations
Electrodes of MXene, FMX3, FMX6, and FMX24 were prepared by mixing
the active material with carbon black and PVDF binder in NMP, with a weight ratio
of 8:1:1, to form a slurry. The slurry mixtures were cast on a copper foil and dried
at 80°C in high vacuum overnight. The electrodes were transferred to an argon-filled
glove box, and coin cells were assembled using Li foil as counter and a reference
electrode, Celgard as an insulating microporous separator, and the MXene, FMX3,
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FMX6 or FMX24 as a working electrode. A 1 M LiPF6 in a mixture of EC / EMC
/ DMC in a 1:1:1 volume ratio, were used as the electrolyte. Coin cells were cycled
between 0.05 and 3.0 V versus Li+/Li at different current densities (with 1C = 260
mA/g) with an Arbin instrument. Cyclic voltammetry (CV) was performed on a
Biologic VSP instrument in the voltage range 0.05 V – 3.0 V.

5.3 Results and Discussion
5.3.1 Discussion on Mechanism of Fluorination
Fluorination with elemental F2 of the HF treated powders resulted in a significant
weight gain, with an apparent increase in surface area, as indicated in Table 5.1. The
weight gain of recovered powders suggests a high degree of oxidation (through
fluorination) of the precursor powders. To understand this oxidation, it is necessary to
consider the possible reaction pathways provided by the precursor powder.

Table 5.1 Experimental conditions for the fluorination process, weight increase after fluorination
and the BET surface areas of the samples.

sample

Fluorination
Time (hrs)

Weight
gain
(%)

0

Fluorine
Flow
Rate
(SCCM)
-

-

BET
Surface
Area
(m2/g)
9.1 ± 0.1

Mxene
FMX3

3

1.8

8.3

9.4 ± 0.1

FMX6

6

1.8

43.1

11.6 ± 0.2

FMX24

24

1.8

85.9

14.2 ± 0.2
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Fluorination
Temperature
(°C)

< 150 °C

The Ti3C2 may react further with species in solution after removal of Al, resulting
in termination of Ti3C2 layer surfaces with OH- and / or F- anions 218:
Ti3 𝐴𝑙C2 + 3HF = Al𝐹3 + 3⁄2 H2 + Ti3 C2

(1)

Ti3 C2 + 2H2 O = Ti3 C2 (OH)2 + H2

(2)

Ti3 C2 + 2HF = Ti3 C2 F2 + H2

(3)

Upon fluorination with F2, several reaction mechanisms may be considered based upon
known fluorinated compounds and possible termination of the Ti3C2 layer surfaces:
Ti3 C2 + F2 = Ti3 C2 F2

(4)

Ti3 C2 (OH)2 + 2F2 = Ti3 C2 F2 + 2HF + O2

(5)

O2 + 2F2 = 2OF2

(6)

2Ti3 C2 F2 + 15F2 = 6TiF3 + 4CF4

(7)

Ti3 C2 (OH)2 + 9F2 + H2 O = 3TiOF2 + 2CF4 + 4HF

(8)

Ti3 C2 (OH)2 + 7F2 + OF2 = 3TiOF2 + 2CF4 + 2HF

(9)

Ti3 C2 F2 + 3F2 + 3OF2 = 3TiOF2 + 2CF4

(10)

These possible reaction pathways can account for the formation of different species
during the different reaction times, though alternate mechanisms with loss of TiF4 through
sublimation are not considered as the extent of this is difficult to verify. The most
significant weight gain of these would be the overall reaction of Ti3C2 to form TiOF2, but
given that it is expected for OH- or F- anions to be present after the HF treatment; to account
for the weight gain it is necessary to consider whether other oxidized species are present,
such as partially fluorinated carbon that has not escaped as volatile CF4.
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5.3.2 Bulk Structural Analysis by XRD and SEM
The XRD patterns of the as-prepared MXene and the fluorinated MXene powders,
for different time durations, are shown in Figure 5.2. The XRD pattern of the as-prepared
MXene in Figure 5.2a is typical of an exfoliated Ti3AlC2 pattern. 218, 245 It is evident that
there are residual traces of Ti3AlC2 after the HF solution treatment, indicating that not all
the Ti3AlC2 reacted with HF according to equation 1 during the 24 hours immersion period.
Besides, weak TiO2 peaks were observed in this pattern, which does not change during F2
anneal. We note that the partial fluorination of trace TiO2 impurity in the starting powder
would have a minimal overall effect of the mass gain observed and that the 150 oC
temperature is too low to effect full conversion to TiOF2 234. The weak, sharp peaks at 2θ
≈ 9.7° and 19.4° are the (002) and (004) reflections, respectively, from the Ti3AlC2 phase.
The broader peaks at slightly lower angles of 2θ ≈ 8.8° and 18.7° are from the newly formed
MXene phase, indicating an expansion along with the [0001] direction from a greater
interlayer spacing. This occurs upon the loss of metallic bonding between in the presence
of Al atoms, followed by OH- and F- surface functionalization, leading to the formation of
smaller crystalline domains 218.
Fluorination of the MXene leads to mixed-phase powders after 3 and 6 hours (see
Figure 5.2b-c). After 3 hours of fluorination (FMX3), there is fluorination of the MXene
surfaces, and peaks that can be indexed to the TiOF2 phase start to emerge in the FMX3
pattern. With a longer fluorination time of 6 hours (FMX6), the peak intensity at 2θ ≈ 8.7°
decreases, indicating a diminishing MXene phase content relative to TiOF2. By extending
the fluorination time to 24 hours (FMX24), nearly a single TiOF2 phase is obtained (see
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Figure 5.2d); weak peaks from unreacted Ti3AlC2 indicate that this compound is relatively
inert to fluorine at 150 oC. The formation of a minute amount of TiOF2 in MXene samples
was observed after heat treatment at 200 °C in Ar or O2 atmosphere by Li et al.

245

and

reported to form from a low-temperature reaction between Ti3C2 with F termination and
the O from ambient conditions or O/OH termination.

Figure 5.2 The XRD diffractograms of (a) the as prepared MXene powder (MXene), (b)
fluorinated Mxene for 3 hours (FMX3), (c) the MXene powder fluorinated for 6 hours (FMX6)
and (d) the MXene powder fluorinated for 24 hours (FMX24).
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A micrograph from the heat-treated MXene powder (in O2 atmosphere) is reported
to show TiO2 anatase nanocrystals that are distributed over the MXene sheets. However,
with the use of F2, TiOF2 is gradually synthesized with an increase in the fluorination time.
The SEM images of the as-formed MXene and the fluorinated MXene are shown in Figure
5.3, where there is evidence for a sheet-like morphology in all samples. Single layers that
are less than 1 nm in thickness for the as-prepared MXene powder and become thicker on
average with F2 annealing to ~ 150 nm per layer, as shown for FMX24 in Figure 2d. The
thicknesses of the layers were approximated from the SEM images seen in Figure 5.3.
Analysis of the FMX24 XRD data with the Scherrer equation estimates for the TiOF2 phase
a crystalline domain size of approximately 16 nm, as compared to 5 nm for the starting
MXene powder along the stacking direction [the (002) peak was used]. The fluorination
produces some sintering and crystallization, but with overall retention of 2D particle
morphology.
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Figure 5.3 SEM micrograms of (a) the as exfoliated Ti3C2 and the fluorinated Ti3C2 for (b) 3
hours (FMX3), (c) 6 hours (FMX6) and (d) 24 hours (FMX24).

5.3.3 Structural Surface Variation Probed by XPS
XPS was used to study the elemental composition of the C, Ti, and F as a function
of fluorination times on the surface of the MXene, FMX3, FMX6, and FMX24 particles.
The surface content and ratios are shown in Table 5.2 and discussed in light of the
fluorination time. The survey scans indicate the presence of Ti, C, O, F, Al, and trace
amounts (< 1 at.%) of N and S in the samples. It is shown in Table 2 that the surface
elemental compositions of MXene, FMX3, FMX6, and FMX24 samples differ. Similar
Ti/C ratios are observed for MXene and FMX6 (~0.35), which have the lowest capacity,
and for FMX3 and FMX24 (~0.13), which have the highest capacity (increasing by an
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average of 77%). A similar trend with Ti/O is observed, with higher ratios for MXene and
FMX6 (0.89 and 0.54), and lower for FMX3 and FMX24 (0.40 and 0.44).

Table 5.2 XPS measured elemental composition from survey scans of the MXene and its
fluorinated counterpart samples showing the atomic concentrations of the elements

Element (at. %)
Sample

Ti

C

Mxene

17.5

51.5

FMX3

7.3

56.0

FMX6

11.2

30.8

FMX24

6.8

50.8

Ratio

O

F

Al

Ti/O

Ti/C

F/Ti

19.6

6.6

4.5

0.9

0.3

0.4

18.2

14.8

3.6

0.4

0.1

2.0

20.7

32.2

5.1

0.5

0.4

2.9

15.4

24.9

2.0

0.4

0.1

3.7

However, the F content increases with fluorination time as expected, as indicated
by an increasing F/Ti ratio from 0.38 to 3.66. The F/Ti ratios in the FMX6 and FMX24
samples are higher than expected for TiOF2 (a ratio of 0.5), suggesting excess F that is
bound to carbon. The inconsistent trend in C and O content may reflect how
inhomogeneities in the distribution of amorphous carbonaceous content affect the analysis,
whereas the relative F content naturally increases with fluorination time.
The high-resolution XPS spectra of the C 1s, Ti 2p, and F 1s core levels from
MXene, FMX3, FMX6, and FMX24 are shown in Figure 5.4, which reveal information
about the oxidation states and bonding at the surfaces. The C 1s spectra in Figure 5.4a
show a peak corresponding to the C-C / C-H bonds at binding energy (BE) of 284.8 eV.
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This peak is also used for charge correction for all the spectra. In addition to this peak, the
presence of ether (C-OH, C-O-C) and ester (O-C=O) carbons, are also seen at BEs of 286.4
eV and ~ 289 eV, respectively. A peak at the lower BE of 281.9 eV that is related to the
Ti-C bonds 246-247 is seen for only MXene and FMX3. This indicates that the MXene phase
is diminishing with fluorination and not observed on the surface of the FMX6 and FMX24
samples. High BE peaks (290.3 eV < BE < 291.8 eV) are visible for FMX3, FMX6, and
FMX24 that corresponds to -C-F- bonds 248, which are due to the fluorination process that
increases surface fluoride content. The -C-F- peak at the lower BE, is related explicitly to
CF2 groups (290.3 eV), as compared to the peaks at the higher BE that are related to CF3
groups

249

. After 6 hours of fluorination, there is no sign of Ti-C bonds indicating that

MXene is absent from the surface. CF2 groups are seen explicitly on the FMX3 and FMX24
samples, which have superior electrochemical performance as compared to MXene and
FMX6.
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Figure 5.4 The XPS spectra of (a) the C 1s, (b) the Ti 2p and (c) the F 1s spectra from MXene
and its fluorinated counterparts.

The Ti spectra indicate complex, sample dependent surface chemistry both in terms
of oxidation state and bonding that results in electrodes having different electrochemical
properties. The Ti 2p spectra in Figure 3b consists of a doublet (Ti 2p3/2 and Ti 2p1/2) with
a fixed doublet BE separation of 5.6 eV. The MXene and FMX3 have Ti 2p3/2 peaks related
to Ti-C bonds at a BE of 455.0 eV. The Ti 2p spectra of these two samples also have Ti
peaks indicating the oxidation states 2+, 3+, and 4+ at BEs of ~ 456.3 eV, ~457.6, and ~
459.2, respectively. These Ti oxidation states are typically found in MXene materials
251

250-

. The spectrum of FMX3 contains an additional peak shifted towards higher BE at 460.8

eV that is related to fluorinated Ti 252. This relatively high BE peak can also be argued to
be related explicitly to TiF3, which is electrochemically active
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253-255

. The FMX6 and

FMX24 samples show Ti spectra containing peaks from only Ti4+, which was shown to be
from the compound TiOF2

234, 256

. The Ti spectra confirm the absence of Ti-C bonds in

FMX6 and FMX24 and show the formation of TiOF2 on these samples. It is also shown
that TiF3 forms when MXene is fluorinated for 3 hours.
The spectra from F 1s show the packing of F on the surface of the sheets and the
confirmation of fluoride bonds related to TiOF2. The XPS spectra for F 1s are shown in
Figure 3c where MXene and FMX6 show contributions from three peaks attributed to TiO-F bonds and two F-C peaks (FLD-C and FHD-C) at BEs of 685.1 eV, ~ 687 eV and ~688
eV, respectively

234, 257-258

. The peaks, FLD-C, and FHD-C (in Figure 3c) correspond to

surface F at different densities. These peaks, FLD-C and FHD-C are attributed to the lowand high-density F coverage, respectively. It has also been reported that these peaks are
attributed to semi-ionic (FLD-C) and covalent (FHD-C) C-F bonding 259. An additional peak
is found in the FMX3 spectrum at a higher BE of 689.4 eV attributed to CF2, as is also seen
from the C 1s spectrum (see Figure 3a) 260. The spectrum from the FMX24 sample shows
only 2 peaks that are related to Ti-O-F bonds and covalently bonded F with high surface
coverage. With higher fluorination times, it is confirmed that the samples start to be
dominated by two types of F, the Ti-O-F bond and densely packed covalently bonded F
(FHD-C).
The fluorination mechanism of graphene (and related graphitic carbons) has been
reported, as well as that of HF treated Ti3AlC2.

218, 241, 259, 261-262

However, the direct

fluorination (by elemental F2) mechanism of MXene has not been studied before. When
MXene gets bombarded with F2, there is chemisorption of Fluorine onto the carbon
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surfaces and intercalation of the Fluorine between the layers. The nature of the F-C bond
is dependent on the concentration of the Fluorine.263 It is therefore observed from the F 1s
XPS spectra (Figure 5.4c) that the HF treated Ti3AlC2 (MXene) contains a high
concentration FLD-C, that has a semi-ionic bond, and with an increase in the fluorination
time the FLD-C concentration decreases and the FHD-C, containing a covalent bond,
increases with no observable FLD-C peak after 24 hours fluorination (FMX24). The
fluorination process of carbon transpires at the sp3 C sites of the MXene, where Fluorine
atoms substitute the oxygen-containing groups. More specifically, after 3 hours of
fluorination, CF2 is observed that is reported to form by F⎺ reacting with the carbonyl (C=O) and epoxy (-C-O) groups
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and when F substitutes COOH and OH groups semi-

ionic and covalent C-F bonds are formed, respectively. Fluorinating the sample for 6 and
24 hours resulted in CF3 to form on the surface of the material, with the XPS spectra
(Figure 5.4c) predominantly showing FHD-C peaks. It is also possible that a significant
amount of C does not form CF4 and sublimates, with an increase in the F concentration,
due to the weight gain of the samples observed in Table 5.1. A series of different possible
reactions that can occur with the Ti from the Ti3C2 and Ti3C2X2 (X = OH, F) are shown as
equations 3 – 4 for the product species observed. Specifically, with the MXene having
multiple Ti oxidation states (2+,3+ and 4+), the Ti3+ compounds TiF3 and TiOF2 may
readily start forming after 3 hours as seen from Figure 5.4b according to equation 7 – 10.
After 6 hours of fluorination, given that TiF3 is not observed in the XRD patterns (Figure
1

5.2), we may expect that much of the TiF3 is converted to TiF4 (𝑇𝑖𝐹3 + 2 𝐹2 → 𝑇𝑖𝐹4 ) that
can sublimate away. With oxygen present TiOF2 forms, becoming the dominant species on
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the surface for samples FMX6 and FMX24 as exemplified by the XRD and XPS results in
Figure 5.2 and 5.4

234, 264

. It is evident from the micrographs in Figure 5.3 that MXene

consists of exfoliated layers and that after fluorination, these layers do not collapse. This
can be explained by the strong C-F bond formation and the highly electronegative fluorine
that causes repulsion between the layers. This makes it possible to form layers with a TiOF2
phase, as seen from the XRD results in Figure 5.2. The excess Fluorine reacts with the
remaining bulk C to form CF2 in the FMX24, as seen from the C 1s XPS spectrum (see
Figure 5.4a, top).
5.3.4 Cyclic Voltammetry and Ion Storage Mechanism
The electrochemical properties of MXene and its fluorinated counterparts, the
FMX3, FMX6, and FMX24 materials as electrodes, were examined using Li-ion half-cell
batteries. These materials have different electrochemical properties. The cyclic
voltammetry (CV) profiles, between 0.05 V and 3.0 V, in Figure 5.5 are in general pseudorectangular with redox peaks indicating a combination of diffusional (intercalation) and
non-diffusional (capacitive) ion storage mechanism for these materials, in Figure 5.6 a
and b. The two different currents (𝑖) contributions can be quantified for specific voltages
(𝑉) through 𝑖(𝑉) = 𝑘1 𝜐 + 𝑘2 √𝜐, where 𝑘1 𝜐 is the capacitive and 𝑘2 √𝜐 the intercalation
contributions, with 𝑘1 and 𝑘2 being constants and 𝜐 the scan rate

265

. The peak current

versus scan rate follows the power-law 𝑖 = 𝑎𝜐 𝑏 with a and b being adjustable parameters.
When the b-value is 0.5 or 1, it indicates to an electrochemical process that is a diffusion
controlled or non-diffusion controlled, respectively.
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Figure 5.5 A comparison of the MXene, FMX3, FMX6, and FMX24 by cyclic voltammetry at a
sweep rate of 0.1 mV/s.

The capacitance contribution can be calculated making use of the relation 𝑖(𝑉) =
𝑘1 𝜐 + 𝑘2 √𝜐 that allows for separating the current response 𝑖, at a specific voltage 𝑉, into
the capacitive and diffusion-controlled contributions 𝑘1 𝜐 and 𝑘2 √𝜐, respectively. This
allows for quantifying the capacitance contribution of the charge storage 265-268. Figure 5.7
(a, b, c, and d) show the CV curves of the MXene, FMX3, FMX6 and FMX24 electrodes
with the shaded areas indicating the capacitance contributions as 17 %, 27 %, 7 %, and 14
%, respectively.
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Figure 5.6 (a) A peak current (i) vs. scan rate (υ) plot for the different materials showing their
slopes that indicate the storage mechanism. (b) A plot of the current peak divided by the scan
rate 𝑖/𝜐 1⁄2 vs. the square root of the scan rate 𝜐 1⁄2 for 0.1 mV/s. The anodic peak currents were
taken from Figure 5.8 (a, b, c, and d).

The MXene shows two reversible peaks with anodic/cathodic peak values of ~0.9
V / ~0.8 V and ~2.4 V/ ~2.2 V, which is similar to other Ti3C2 materials reported 269. The
FMX3 profile show more peaks, which is the result of the electrochemically active TiF3
present, as observed from the XPS results (see Figure 5.4b). In the anodic and cathodic
sweeps anodic/cathodic peaks are found at ~1.0 V / ~0.9 V and ~2.5 V / ~2.4 V which are
consistent with MXene and at ~1.5 V / ~1.1 V, ~1.9 V / ~1.6 V and ~2.2 V / ~2.2 V which
are consistent with the discharge and charge profiles of TiF3 254. FMX6 is having a broad
anodic peak around ~1.1 V and a less broad peak at 2.1 V, which could be related to the
charging process of MXene.
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Figure 5.7 The CV curves obtained at 0.1 mV/s for (a) the MXene, (b) FMX3, (c) FMX6 and (d)
FMX24 electrodes with the capacitance contribution shaded.

In the cathodic sweep, there is no visible indication of a peak at the higher
potentials, as would be expected for MXene. However, a broad peak at ~ 1.1 V and a sharp
peak at ~ 0.9 V are observed, with the sharp peak broadening with an increase in sweep
rate, as seen in Figure 5.8 (a, b, c, and d). This indicates that FMX6 does not have a good
rate capability. FMX24 is more pseudo-rectangular with broad anodic/cathodic peaks
around ~1.2 V / ~0.9 V. These peaks are consistent with the reported discharge/charge
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profiles for TiO2 fluorinated to form TiOF2

234

. With MXene, FMX3, and FMX6 having

semi-ionic C-F bonds (see Figure 5.4c), the anodic/cathodic peaks at ~1.1 V / ~0.9 V could
be as a result of these bonds converting to ionic bonds, reversibly, by interacting with Li.
It was reported that during the discharge process with the translation of C-F bonds from
semi-ionic to ionic, the fluoride ions are bonded to Li ions through electrostatic
interactions. During the charging process, the Fluoride ions are close to the carbocation
and thus will reconstruct the semi- ionic C-F bonds 228. The CV shows that MXene when
fluorinated have different electrochemical properties. The FMX3 sample shows the
electrochemical signatures of TiF3, as was shown to be present employing XPS. The
FMX24 shows typical electrochemical properties related to TiOF2, confirming the XRD
and XPS results.
5.3.5 Effect of Fluorination on Electrochemical Performances
The charge/discharge profiles were examined to show the differences of the
fluorinated MXene to that of the as-synthesized MXene and also for differences from prior
work, which may reflect the influence of the plate-like particle morphology. Figure 5.9 (a,
and b) shows the first, 2nd, and 50th discharge profiles of MXene and its fluorinated
counterparts. The initial discharge profile of MXene shows no apparent plateau with a
relatively small initial irreversible capacity loss of 31.3 % as expected from the low surface
area (9 m2/g). Thus the majority of the capacity loss is from the irreversible reduction of
electrochemically active surface groups 244.
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Figure 5.8 Cyclic voltammetry sweeps at different scan rates for (a) MXene, (b) FMX3, (c) FMX6,
and (d) FMX24. We see oxidation and reduction peaks for the different electrochemically active.

The initial capacity loss from the MXene is considerably less compared to the 41.3
%, 55.6 %, and 68.0 % from the fluorinated FMX3, FMX6, and FMX24, respectively. The
increase in the initial capacity loss cannot be justified by the minute increases in surface
areas, which are 9 m2/g, 12 m2/g, and 14 m2/g for FMX3, FMX6, and FMX24, respectively.
Therefore, the plateau observed in figure 4b for FMX3 is not due to SEI formation, but
rather from the reversible reactions from TiF3, as is also seen in the subsequent cycles in
Figure 5.9b 254. It is expected that with increased fluorination time, more surface Fluoride
would be present (except for FMX24), as seen from Table 5.2, which is known to reduce
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irreversibly

244, 260

. The capacity loss for FMX6 is thus from fluoride surface groups that

reduced irreversibly during the first discharge. A plateau at ~0.9 V in the 2nd discharge
profile of FMX6 is consistent with the discharge profiles of TiOF2, which is evidenced in
the XRD data (see Figure 5.2c). In the XRD results, the TiOF2 (see Figure 5.2d) is much
more prominent in the FMX24 sample, and thus, the plateau at ~0.9 V is the result of an
amorphization process 233-234. The 2nd discharge profile of the FMX24 is similar to that of
FMX6, confirming it is coming from the TiOF2. In the 50th discharge profiles, the plateau
~0.9 V is still prominent for all the samples. It is seen from the XPS results (see Figure
5.4b) that the semi-ionic C-F bonds increase, in order, for FMX3, MXene, and FMX6.
Therefore, the ~0.9 V plateau for these materials are considered to be from the C-F bonds
transformation, from semi-ionic to ionic and vice versa, in addition to the TiF3 based
reactions for the FMX3. The ~ 0.9V plateau from the FMX24 is intrinsic from TiOF2 233.
Figure 5.10 shows the rate capability of the materials where FMX3 and FMX24
show the best rate performance with FMX3 being the best. MXene and FMX6 are inferior
to the last two samples, with MXene being superior compared to FMX6. With an increase
of the current by a factor of 10 (0.1C to 1C; 0.026 A/g to 0.26 A/g) MXene, FMX3, FMX6,
and FMX24 lose approximately 38 %, 35 %, 63 %, and 36 %, respectively, of their initial
stable capacity. The FMX24 sample having mainly a TiOF2 phase with a 2D sheet-like
morphology, is superior to the TiOF2 formed from fluorinating TiO2. The TiOF2 formed
from TiO2 loses more than 70 % of its initial stable capacity by increasing the current by a
factor of ten

234

. The superior rate capability of the TiOF2 formed from MXene can be
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ascribed to the 2D layered morphological structure that would result in a reduced drag for
Li diffusion.

Figure 5.9 A comparison of the MXene, FMX3, FMX6, and FMX24 by (a) initial discharge profiles
discharged at 0.1C, (b) 2nd, and 50th discharge profiles at 1C.

The direct fluorination time of MXene, the different Ti and F species, and its
content affects both the capacity and its retention and rate capability. The capacity retention
at a 0.1C (0.1C = 0.026 A/g), as seen in Figure 5.11a, the capacity loss over typically the
first 10 is the highest due to the irreversible reduction of the surface functional groups. The
capacity loss over this range is 24.6 %, 22.3 %, 45.1 %, and 34.5 % for MXene, FMX3,
FMX6, and FMX24, respectively. This is consistent with the surface fluoride content on
each sample (Table 5.2), taking into account that FMX3 has formed TiF3 and FMX24
TiOF2. The capacity loss from the 10th to the 120th cycle is 18.3 %, 17.3 %, and 10.8 % for
MXene, FMX3, and FM6, respectively. However, the FMX24 sample shows an increase
of 13.0 % in the capacity from the 10th to the 120th cycle.
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Figure 5.10 Rate capability comparison of the MXene, FMX3, FMX6, and FMX24 at a different
rate from 0.1 C to 20C.

A similar trend is observed when cycled at a higher C-rate of 1C (0.26 A/g), in
Figure 5.11b, except for FMX6 having the least capacity performance. FMX3 and FMX24
have superior electrochemical performance. It is worth noting that these two materials have
a similar surface Ti/C ratio (see Table 5.2) and are the only materials with CF2 groups on
the surface (see Figure 5.4b).
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Figure 5.11 Comparision of discharge capacities and coulombic efficiencies for extended cycling
(a) at 0.1C for 120 cycles and (b) at 1C for 500 cycles for Mxene, FMX3, FMX6, FMX24.

It has been shown that CF2 doped graphene oxide has superior electrochemical
performance and cycling stability. This is due to the vacancies that accompany the
formation of CF2 groups (on the FMX6 and FMX24) acting as active sites that enhance the
Li+ storage capacity 249. Also, the TiF3 and CF2 formed after 3 hours of fluorination, which
is electrochemically active, on FMX3 are transformed to TiF4 and CF3, respectively, after
6 hours of fluorination on FMX6 that sublimated and is electrochemically inactive,
respectively. This causes a reduction in the capacity of FMX6. In addition to this, we have
also shown, in Figure S3, that the capacitance contribution decreases from 27% to 7% from
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FMX3 to FMX6. In the case of the TiOF2, it is noted that it intrinsically has a better
electrochemical performance as compared to MXene. 235

5.4 Conclusion
Direct fluorination of Ti3C2X2 (X = OH, O, F) (synthesized from commercial
Ti3AlC2) was carried out for 3h, 6h, and 24, respectively, employing a task-specific
fluidized bed reactor (FBR) for fluorination. The fluorinated samples changed from an
MXene based phase to TiOF2, with FMX24 having practically a pure phase. Despite the
MXene changing to a different phase, with fluorination, it retained the 2D layered
morphology. The 24h fluorinated sample (FMX24) thus has a TiOF2 phase with a 2D
layered morphology that facilitates ion diffusion. When MXene is fluorinated for 3h
(FMX3), TiF3 is formed, which is electrochemically active. Also, CF2 groups are evident
on the surfaces of FMX3 and FMX24 that are electrochemically beneficial during the
charge/discharge process. Besides, FMX3 and FMX24, which have the best
electrochemical performance, have a similar Ti/C ratio. All the fluorinated materials have
cycling stabilities superior to MXene, which already has excellent cycling stability.
FMX24, with its TiOF2 phase, has an excellent capacity with an increasing capacity with
cycle number. FMX24 has a better rate capability as compared to a non-2D layered TiOF2,
indicating the advantage of the 2D layered morphology.
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CHAPTER 6:
CAN DIRECT FLUORINATION SOLVE THE PROBLEMS OF
HIGH CAPACITY CONVERSION ANODES?
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Reproduced in part from “Synthesizing High Capacity Oxyfluoride Conversion Anodes by
Direct Fluorination of Molybdenum Dioxide (MoO2)” Under review. ChemSusChem,

6.1 Introduction
LIBs are ubiquitous in portable electronic devices, but new electrode materials are
required to meet ever-growing energy demands.11, 17, 137-139, 184, 270 Replacing conventional
intercalation electrodes with multivalent transition metal oxides (TMOs), which undergo
multi-electron conversion reactions, can potentially increase LIB energy density.37, 39-44, 84
However, the performance of such conversion anodes is limited by several factors
including low electronic conductivity, structural instability, slow Li+ diffusion, and slow
reaction kinetics.45-51 Previously reported methods to address these issues to include (i)
nanosizing the active material, (ii) applying coatings (e.g., carbon coatings), (iii) doping
with foreign materials (e.g., nitrogen, sulfur), and (iv) optimizing the conductive carbon
and polymer binder used in composite anodes.44, 52-61
MoO2 is an attractive conversion anode because of the multielectron reaction that
stores high capacity (838 mAh g-1).43-44 Unfortunately, the conventional engineering
approaches (e.g., applying coatings, dopants, etc.) have thus far yielded little performance
improvement for MoO2. Realizing the improved electrochemical performance of
fluorinated Mxene in our study described in chapter 5, we decided to follow a similar
approach for fluorinating MoO2. Incorporating oxyfluoride phases into MoO2 represents
an alternative approach which may improve its electrochemical performance as previously
reported for similar TMO anodes (e.g., Mn3O4, TiO2, Nb2O5).233,
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235,

271-274

Electrochemically stable oxyfluoride phases can be synthesized using either: (i) a solidstate reaction271, 275 or (ii) fluorination of metal oxide using F2 gas.186, 276-277
In this study, we develop a novel direct strategy to fluorinate prelithiated MoO2 to
improve anode’s electrochemical performance. Direct fluorination of MoO2 has not been
previously reported, possibly due to the high volatility of several molybdenum oxyfluoride
phases (e.g., MoOF4, MoO2F2). In this approach, we first prelithiated MoO2 via ballmilling with 10 mol% Li2O, followed by direct fluorination (see Scheme 1). For the
comparison, we also fluorinated MoO2 by redesigning the FBR collect oxyfluoride
products, which are volatile at the reactor temperature (ca. 90-180 °C) but solid at room
temperature. Our experiments clearly demonstrate the significance of prelithiating to
control the fluorination degree and obtain stable oxyfluoride phases (see Scheme 6.1).
Milling Li2O and MoO2 prior to fluorination may hinder the formation of volatile products
and favor the formation of more stable oxyfluoride products. Furthermore, repeated
charging and discharging results in amorphous/crystalline Li2O/LiF matrix with dispersed
metal nanoparticles, favors reversible conversion reaction, lithium-ion diffusion, and
improves electronic conductivity. The results presented in this work suggest that
prelithiation followed by fluorination is a promising strategy for solving the issues
associated with conversion electrodes.
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Scheme 6.1 Showing the mechanochemistry assisted pre-lithiation of MoO2 with 10 mol % of
Li2O followed by the direct fluorination of ball milled MoO2 using direct fluorination. The
fluorination of prelithiated MoO2 yields the stable oxyfluoride phases, whereas fluorination of
untreated MoO2 does not yield the oxyfluoride phase.

6.2 Experimental Methods
6.2.1 Materials and Materials Synthesis
A mixture of 90 mol % MoO2 + 10 mol % Li2O was milled for 5 h at 500 rpm in a
planetary ball mill using two stainless-steel and two zirconia balls (diameter = 10 mm) as
the milling media. This sample is hereafter referred to as BM-MoO2. After ball milling, the
BM-MoO2 was annealed at 750 °C for 5 hours under an N2 atmosphere. This sample is
hereafter referred to as BMA-MoO2.
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6.2.2 Fluorination of Ball-Milled MoO2
BMA-MoO2 was fluorinated using an FBR (see Figure 5.1 in chapter 5). The
fluorination procedure followed in this work was similar, as described in chapter 5 (see
section 5.2.1, chapter 5). The fluorination reaction rate was monitored by controlling the
reaction temperature and time, as shown in Table 6.1. Fluorinated BMA-MoO2 samples
are denoted as F-BMA-MoO2@X, where F denotes fluorinated samples, and X denotes the
fluorination temperature. As a control experiment, we also fluorinated the pristine MoO2
in the absence of Li2O by modifying the reactor to condense volatile products (referred to
as sample F-MoO2).

Table 6.1 Experimental conditions for the fluorination reaction
Sample

Fluorination

F2 Flow rate*

Temperature
F-BMA-

Fluorination
Time

180ºC

1.4 SCCM

12 hrs.

145ºC

1.4 SCCM

9 hrs.

MoO2@180
F-BMAMoO2@145

6.2.3 Materials Characterization
The structure of electrode materials was investigated employing XRD on a
Panalytical Empyrean diffractometer over a 2θ range from 15° to 90° with a step size
0.013°. For Raman measurements, powdered samples were hermetically sealed in an
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optical cell (EL-Cell) in an Ar-filled glovebox to avoid air exposure. Raman spectra were
measured on an Alpha 300 confocal Raman microscope (WITec, GmbH) with laser spot
size and power ~1 μm2 and 100 μW, respectively. The WITec Project Plus software used
to analyze, and representative spectra for each sample are reported. Elemental composition
was determined by using a Zeiss EVO-MA15 SEM instrument coupled with EDS (SEMEDS). XPS data were acquired using a Thermo Scientific Model K-Alpha instrument, with
a monochromated, micro-focusing Al Kα X-ray source (1486.6 eV). STEM-EELS was
conducted to characterize the nanostructure of the fluorinated samples.
6.2.4 Electrochemical Characterization
The electrochemical performance of the samples was evaluated in coin cells
(CR2032) with lithium as the reference/counter electrode, 1.2 M LiPF6 in EC/EMC (3/7
weight ratio) as the electrolyte, and Celgard 2325 as the separator (Celgard Inc., USA).
The electrodes (anode) were prepared from slurries containing the active material,
conductive carbon (Super P Li), and PVDF in 8:1:1 by weight ratio dispersed in NMP.
After mixing homogeneously, the slurries were cast onto Cu foil using a doctor blade and
dried for 24 hrs to remove residual solvents. All electrodes were prepared and stored in an
Ar-filled glovebox. The active material loading was ~ 5-6 mg cm-2. Galvanostatic chargedischarge cycling tests were performed by polarizing the working electrode over different
voltage ranges (0.005 - 3.0 V, 0.05 – 3.0 V, and 1.0 – 3.0 V) vs. Li/Li+ at room temperature
using Macor and Arbin battery tester. The CV was conducted over 0.005 - 3.00 V vs. Li/Li+
at a scan rate of 0.1 mV/s using a Bio-Logic VSP potentiostat.
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6.3 Results and Discussion
6.3.1 Analysis of XRD and Raman Spectrum
XRD was performed to identify crystalline phases generated by milling MoO2 and
Li2O, followed by direct fluorination (see Figure 6.1).The as-obtained commercial powder
of MoO2 contained weak impurities of Mo metal (a = 3.149(1) Å; 0.66(4) wt%) and ƳMo4O11 (a = 24.445(7), b = 6.751(2), c = 5.454(1) Å; 2.7(1) wt%). The structure is that of
monoclinic MoO2 (ICSD 152316; space group P21/c). After milling with Li2O, the peaks
indexed to Mo(s) and Ƴ-Mo4O11 disappeared, likely due to a combination of milling
induced reaction between Li2O and MoO2 and a decrease in crystallinity. There is no
evidence that a simple preferred orientation model will improve the fit quality, and no
evidence was found for peaks associated with known lithium molybdenum oxide
compounds (e.g., LiMoO2, Li4/3Mo2/3O2, LiMo8O10, and Li4MoO5). A search for higher
and lower space-group symmetry did not provide any definite improvement over the
monoclinic MoO2 model. A reaction likely occurs on the surface between Li2O and MoO2
under high energy milling conditions, but this may produce an amorphous product that is
not visible in the diffraction pattern. Overall, the milling and fluorination did not produce
a significant change in the bulk structure compared to pristine MoO2. The details of
Rietveld refinement analysis are presented in Appendix A (Figure A-1 to A-6 and Table
A-1 to A-4).
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Figure 6.1 XRD pattern of pristine MoO2, BM-MoO2, and Fluorinated samples.
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Figure 6.2 Raman spectrum of Pristine MoO2, BMA-MoO2, and F-BMA-MoO2@180

Figure 6.2 shows representative Raman spectra of pristine MoO2, BMA-MoO2,
and F-BMA-MoO2@180 to investigate any structural changes due to fluorination. The
Raman spectra were uniform throughout the probed areas (at least 50x50 µm2 with a spatial
resolution of ca. 1 µm2), indicating good chemical homogeneity throughout the sample.
Pristine MoO2 exhibited nine Raman bands at 202, 228, 240, 363, 461, 496, 569, 588, and
744 cm-1 as reported in the literature.278-280 744 and 588 cm-1 bands may be assigned to the
stretching vibration of the Mo-O(I) and Mo-O(II) group.280 Ball milling with Li2O resulted
in broadband at ~900 cm-1, which was absent in the pristine MoO2. This band was
significantly more intense for the F-BMA-MoO2@180 sample, indicating that direct
fluorination leads to some differences in the local bonding environments.
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6.3.2 STEM and EELS Analysis of Fluorinated MoO2
STEM and SAED studies were conducted on two of the fluorinated samples (FBMA-MoO2@145 and F-BMA-MoO2@180) (see Figure 6.3). Nanocrystalline phases
(absent from the bulk XRD data) were identified based on their characteristic d-spacings.
In addition to bulk MoO2, F-BM-MoO2@145 and F-BMA-MoO2@180 also contained
several crystalline oxyfluoride phases including MoO2F2 (d-spacing = 3.62 Å, 3.31 Å, 2.26
Å, 1.66 Å PDF – 01-078-8083), and Mo4O11.2F0.8 (d-spacing = 6.90 Å, 2.97 Å, 2.30 Å,
1.95 Å) (see Figure 6.3 for an example of the analysis).

Figure 6.3 Examples of local phase composition analysis by STEM: (a-c) STEM dark field (DF)
image (a), bright field (BF) image(b) and diffractogram (c) of F-BMA-MoO2@145;
diffractogram suggests the presence of MoO2F2. (d-f) STEM DF image (d), BF image (e), and
diffractogram (f) of F-BMA-MoO2@180, suggesting the presence of Mo4O11.2F0.8.
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As shown by the electron energy loss spectroscopy (EELS) results in Figures 6.4 and 6.5,
the fluorine was evenly distributed throughout fluorinated powders.

Figure 6.4 EELS spectrum imaging of F-BM-MoO2@180: (a) initial DF image with area used
for elemental mapping highlighted in teal, (b) simultaneous DF image and (c-e) O K edge map
(c), F K edge map (d), and two-color map showing both O and F. Note that thinnest regions
(darkest DF image) correlate with increased F content.

Figure 6.5 EELS spectrum imaging of F-BM-MoO2@145: (a) initial DF image with area used
for elemental mapping highlighted in teal, (b) simultaneous DF image indicating small drift, and
(c-e) O K edge map (c), F K edge map (d), and two-color map showing both O and F. Note slight
enhancement of F content at the edge.
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EELS mapping results indicate that the sample fluorinated at 180 °C (F-BMMoO2@180, Figure 6.4) contained higher F concentration compared to the sample
prepared at 145 °C (F-BM-MoO2@145, Figure 6.5). This result is consistent with energy
dispersive spectroscopy data shown in Figures and Table in Appendix A. Notably, the
EELS spectra in Figures 6.4-6.5 were collected from electrons transmitted through the
samples, and thus, these results contain information regarding the particle bulk and surface.
6.3.3 Investigation of Surface Chemistry via XPS
To investigate differences in the anodes’ surface chemistry, XPS was performed on
pristine MoO2, BMA-MoO2, F-BMA-MoO2@145, and F-BMA-MoO2@180 (Figure 6.6).
XPS spectra showed the presence of Li, O, F, Mo with elements such as Zr and Si in trace
amount (< 0.5 at %) with elemental composition given in Table 6.2. As expected, no
surface F was detected from the non-fluorinated samples (MoO2 and BMA-MoO2). For
samples F-BMA-MoO2@145 and F-BMA-MoO2@180, the surface fluorine content
increased with fluorination time and temperature, which agrees with the EELS data
(Figures 6.4 and 6.5).

Table 6.2 Elemental composition of pristine MoO2, BMA-MoO2, and F-BMA-MoO2@X from
XPS scan
Sample
MoO2
BMA-MoO2
F-BMA-MoO2@145
F-BMA-MoO2@180

Surface elemental composition (at. %)
C
F
Li
O
Mo
28.9 46
25.1
25.0 18.5
38.7
17.8
13.9 11.4
38.1
23.6
7.8
11.6 22.0
40.8
19.3
6.3
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The F 1s spectra (Figure 6.6c) contained peaks centered around 685.1 eV, show a
decrease in the respective FWHM of the samples F-BMA-MoO2@145, and F-BMAMoO2@180 in decreasing order, indicating that there is a decrease in the different fluorine
species, with different oxidation states of metal (i.e., Me-F), on the surface with an increase
in F2 content as seen in Figure 6.6. The O 1s spectra of the MoO2, BMA-MoO2, and FBMA-MoO2@145 show binding energy (BE) peak positions centered at 530.4 eV
associated Mo-O bonds whereas the F-BMA-MoO2@180 spectra show BE peak positions
at 530.9 eV indicating a more electronegative environment due to the coexistence of OMo-F bonds.281 The Mo 3d5/2 peaks at BEs of approximately 230 eV, 231 eV, and 233 eV
indicate Mo oxidation states 4+, 5+, and 6+, respectively. The presence of the Mo5+/6+
oxidation states in MoO2 may be due to the partial surface oxidation (e.g., to MoO3) when
stored in air.282 When the MoO2 was ball milled with Li2O and annealed at 750 °C (sample
BMA-MoO2), significant peak broadening occurred, which indicates the presence of more
diverse Mo local bonding environments.
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Figure 6.6 XPS spectra of (a) Mo 3d; (b) O 1s; and (c) F 1s from MoO2, BMA-MoO2, and FBMA-MoO2@X.

Fluorinated samples exhibited a higher concentration of species containing Mo6+ as
indicated by shifting of the Mo 3d3/2 peak (i.e., 235.6 and 236.0 eV for the F-BMAMoO2@145 and F-BMA-MoO2@180, respectively vs. 235.4 eV for BMA-MoO2) towards
higher binding energy. This shift to higher binding energy indicates a more electronegative
environment around Mo, due to the presence of the oxyfluoride species in the F-BMAMoO2@145 and F-BMA-MoO2@180 samples.
6.3.4 Mechanism of Fluorination
The XRD, XPS, and STEM-EELS result in Figures (6.1, 6.3-6.6) indicate that
direct fluorination of BMA-MoO2 leads to the formation of various oxyfluoride phases,
including MoO2F2, MoOF4, Mo4O11.2F0.8. Notably, MoF6 is unlikely to be present in the
samples due to its high volatility (melting point = 17° C and boiling point = 34° C) during
the reaction temperature (145 – 180 °C). Although we cannot quantify the relative
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distribution of the fluorinated products with the present data set, plausible fluorination
reactions are given in Equations (1-5).
𝑀𝑜𝑂2 + 𝐹2 → 𝑀𝑜𝑂2 𝐹2

(1)

1
𝑀𝑜𝑂2 + 𝐹2 → 𝑀𝑜𝑂𝐹4 + 𝑂2
2

(2)

𝑀𝑜𝑂2 + 3𝐹2 → 𝑀𝑜𝐹6 + 𝑂2

(3)

2𝑀𝑜𝑂2 + 5𝐹2 → 2𝑀𝑜𝐹5 + 2𝑂2

(4)

>150𝑜 𝐶

2𝑀𝑜𝐹5 →

𝑀𝑜𝐹6 + 𝑀𝑜𝐹4

(5)

6.3.5 Effect of Fluorination on Redox Chemistry and Energy Storage Mechanism
The lithium storage properties of non-fluorinated vs. fluorinated MoO2 were
evaluated in half cell using a Li anode and standard carbonate electrolyte.
Complete lithiation of MoO2 through a four-electron process corresponds to the
theoretical capacity of 838 mAh/g as described by Equation (6) with stepwise reactions
given in Equations (7)-(9):
𝑀𝑜𝑂2 + 4 𝐿𝑖 ↔ 2 𝐿𝑖2 𝑂 + 𝑀𝑜

(6)

𝑀𝑜𝑂2 + 𝐿𝑖 + + 𝑒 − ↔ 𝐿𝑖𝑀𝑜𝑂2

(7) - intercalation mechanism

𝐿𝑖𝑀𝑜𝑂2 + 𝐿𝑖 + + 𝑒 − ↔ 𝐿𝑖2 𝑀𝑜𝑂2

(8) - conversion mechanism

𝐿𝑖2 𝑀𝑜𝑂2 + 2𝐿𝑖 + + 2𝑒 − ↔ 2𝐿𝑖2 𝑂 + 𝑀𝑜

(9) - conversion mechanism

135

Figure 6.7 Cyclic voltammograms of (a) pristine MoO2; (b) BMA-MoO2; (c) F-BMAMoO2@145; and (d) F-BMA- MoO2@180 in the voltage range of 0.005-3.0 V vs. Li/Li+ at a 0.1
mV s-1 scan rate.

The cyclic voltammograms of all the samples (Figure 6.7) exhibited redox features
near ~ 1.15 / 1.50 V and ~1.30 / 1.79 V (Figure 6.7), which correspond to lithium
intercalation / de-intercalation as represented by Equation (7)44,

283-284

. As previously

reported by Liu et al., Li intercalation into MoO2 occurs in two steps wherein monoclinic
MoO2 is first reduced to orthorhombic LixMoO2 (0.45 < x < 0.78) followed by a further
reduction to a second monoclinic phase (LixMoO2, x=0.98).282,

284

Each sample also

showed an irreversible cathodic peak ~0.6 V vs. Li/Li+ during the first scan, which is
attributed to the formation of the solid electrolyte interphase (SEI) layer282, 285-287. Redox
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processes associated with the conversion reactions (Equations 8-9) were also observed at
potentials < 0.8 V vs. Li/Li+ for the BMA-MoO2 and fluorinated samples but were absent
from the pristine MoO2 (Figure 6.7a). In addition to charge storage through the MoO2
phase, the fluorinated phases in F-BMA-MoO2@145 and F-BMA-MoO2@180 may also
be redox-active, with plausible Li storage reactions given in Equations (10)-(11).
𝑀𝑜𝑂2 𝐹2 + 6𝐿𝑖 ↔ 2𝐿𝑖𝐹 + 2𝐿𝑖2 𝑂 + 𝑀𝑜
𝑀𝑜4 𝑂11.2 𝐹0.8 + 23.2𝐿𝑖 ↔ 0.8𝐿𝑖𝐹 + 11.2𝐿𝑖2 𝑂 + 4𝑀𝑜

(10)
(11)

6.3.6 Electrochemical Performances
Galvanostatic charge discharge cycling experiments (Figure 6.8) were performed
to study the effect of fluorination on the improved electrochemical performances of MoO2.
Charge discharge profiles and corresponding differential capacity plots for pristine MoO2,
BM-MoO2, and the fluorinated MoO2 are shown in Figures 9 and 10, respectively. For the
pristine MoO2 and BMA-MoO2 samples cycled at 30 mA g-1, the discharge profiles
contained two plateaus at approximately 1.2 V / 1.5 V (see Figure 6.8b), which are
attributed to Li intercalation as previously discussed. During the first several cycles, these
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Figure 6.8 (a) Charge discharge capacities and coulombic efficiencies of pristine, BMA-MoO2
and F-BMA- MoO2 from 0.005-3.00 V at 30 mA g-1 current density; (b and c) 1st and 2nd chargedischarge profiles; (d and e) 20th and 100th charge-discharge profiles at 30 mA g-1; (f) charge
discharge capacity and coulombic efficiency of F-BMA-MoO2@145 from 0.005-3.00 V at 100
mA g-1 for 500 cycles.

materials exhibited little capacity (< 100 mAh g-1) at potentials < 0.8 V vs. Li/Li+, which
indicates negligible charge compensation via the conversion reactions, as also seen in the
dV/dQ analysis (Figure 6.9). Overall, pristine MoO2 and BMA-MoO2 showed modest
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Figure 6.9

dQ/dV plot of the second cycle for pristine MoO2; BMA-MoO2; F-BMA-

MoO2@145; and F-BMA-MoO2@180.

initial capacities (259 and 361 mAh g-1, respectively) and moderate capacity fade (18 %
and 57 % capacity loss after 100 cycles, respectively). After extended cycling, pristine
MoO2 and BMA-MoO2 showed sloping voltage profiles, suggesting that a crystalline to
amorphous transformation may have occurred during repeated Li insertion/extraction.
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During the first reduction step at 30 mA g-1 scan, fluorinated samples F-BMAMoO2@145, and F-BMA-MoO2@180 showed weak plateaus associated with Li
intercalation and a sloping profile in the range 1.2 – 0.05 V. The samples also exhibited
extended voltage plateaus at 0.01 V vs. Li/Li+ which is attributed to the conversion
reactions given in Equations (8-9), which is corroborated by dV/dQ analysis (Figure 6.9).
During the subsequent delithiation step, the samples exhibited sloping voltage profiles,
which indicates a wide range of reaction site energies, possibly due to a disordered crystal
structure. Overall, the fluorinated samples F-BMA-MoO2@145 and F-BMA-MoO2@180
exhibited very high initial capacities of 859 and 871 mAh g-1, respectively (compared to
259 mAh g-1 for pristine MoO2 and 361 mAh g-1 for BMA-MoO2) with reasonable cycling
stability (e.g., capacities of 318 mAh g-1 and 357 mAh g-1 after 100 cycles). When cycled
at a higher specific current (100 mA g-1, see Figure 6.8f), F-BMA-MoO2@145 delivered
a stable capacity of 250 mAh g-1 over 500 cycles. There is an increase in capacity before
dropping down and exhibited a stable capacity during an initial cycle, which could be a
slow progression of conversion reaction because all the active materials are not accessible
as a lower electronic conductivity when cycled at a higher scan rate. Overall, these results
demonstrate that direct fluorination is an effective means to enhance the electrochemical
performance of metal oxide conversion anodes. Notably, all samples showed modest
coulombic efficiencies (97-98%), which indicates some irreversible reduction processes
occurred, possibly due to parasitic side reactions with electrolyte or irreversible trapping
of Li in the active materials during cycling.
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To further investigate the role of prelithiation and direct fluorination on the
electrochemical properties of MoO2, we compared the performance of pristine MoO2, FMoO2, and F-BMA-MoO2 cycled at two specific currents (10 and 50 mA/g) over two
different voltage ranges (1-3 and 0.05 - 3.0 V vs. Li/Li+). When cycled between 1.0 -3.0 V
at 10 mA g-1as shown in Figure 6.10a, F-BMA-MoO2@180 and F-MoO2 delivered the
approximately same initial discharge capacities (208 mAh g-1, and 201 mAh g-1,
respectively), higher than pristine MoO2 (173 mAh g-1). The voltage profiles of all samples
exhibited two distinct plateaus due to the monoclinic-orthorhombic-monoclinic phase
transformations discussed previously. These intercalation plateaus were retained over
several cycles, indicating the intercalation process is highly reversible in nonfluorinated
and fluorinated MoO2 (Figure 6.10 (b and c)). When the lower cutoff voltage was 0.05 V
vs. Li/Li+, F-BMA-MoO2@180 exhibited improved performance (enhanced capacity and
cycling stability) compared to F-MoO2 and pristine MoO2 (see Figure 6.11 (a and d)). The
charge discharge profiles suggest that raising voltage from 0.005 V to 0.05 V exhibits the
much-pronounced voltage plateau in the intercalation regime, as seen in Figure 6.11 (b, c,
e, and f). These results suggest that fluorination after prelithiation is a promising strategy
for solving conversion electrodes problems.
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Figure 6.10 Showing capacity and coulombic efficiencies of pristine MoO2, F-MoO2, and FBMA-MoO2@180 at (a) from 1.0-3.0 V at a scan rate of 10 mA g-1 ; (b and c) charge discharge
profiles from 0.05-3.0 V at a specific current of 10 mA g-1.

Figure 6.11 Showing capacity and coulombic efficiencies of pristine MoO2, F-MoO2 and FBMA-MoO2@180 at (a and d) from 0.05-3.0 V at scan rate of 10 and 50 mA g-1, respectively ;
(b and c) charge discharge profiles of pristine MoO2, F-MoO2 and F-BMA-MoO2@180 from
0.05-3.0 V at specific current of 10 mA g-1 ; and (e and f) charge discharge profiles of pristine
MoO2, F-MoO2 and F-BMA-MoO2@180 from 0.05-3.0 V at a specific current of 50 mA g-1.
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This observation indicates that one can optimize the electrochemical performances
of these anode materials by tuning the proper stoichiometric amount of Li2O and F2. Our
proposed hypothesis on the fluorination of ball-milled MoO2 with Li2O is that repeated
charging and discharging transform the fluorinated active materials into the
amorphous/crystalline Li2O/LiF matrix along with dispersed nano-sized metal particles.
Dispersed metal nanoparticles in the Li2O/LiF matrix improves the electronic conductivity,
whereas Li2O/LiF matrix facilitates the ion diffusion through its matrix and maintains the
reversibility of the conversion reaction288(graphically represented in Figure 6.12). The
enhanced electrochemical performance corroborates our hypothesis that lithium doping
creates the disorder in the crystal structure through oxygen vacancies289 favoring the
formation of oxyfluoride phases as well as an increase in the diffusion of Li+. Due to these
unique features, the fluorinated ball-milled sample exhibits better stability with higher
capacity than the pristine or F-MoO2.
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Figure 6.12 Demonstrating the reversible conversion reaction from F-BM-MoO2 to metallic
nano Mo-particles dispersed in the amorphous/semi-crystalline Li2O/LiF matrix. The presence
of extra Li2O/LiF in the crystal of MoO2 facilitates the reversible conversion reaction.

From these observations, fluorination indeed induces the noticeable redox features
transitioned from pure bulk oxide phase to oxyfluoride phase that drastically enhance the
capacity and cycling stability independent of the cut off voltage.

6.4 Conclusion
We report a promising strategy for enhancing the electrochemical performance of
MoO2 anodes for LIBs via direct fluorination of the active material. Blending MoO2 with
Li2O before fluorination stabilized the resulting product by preventing the formation of
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volatile compounds (e.g., MoF6). Detailed structural analysis indicates that higher reaction
temperatures yielded significant amounts of oxyfluoride phases (e.g., MoO2F2, MoOF4,
and Mo4O11.2F0.8). STEM-EELS mapping revealed that the fluorinated species were
distributed throughout the particles.
The fluorinated anodes exhibited enhanced reversible capacity and cycling stability
compared to unmodified MoO2. We found that the conversion mechanism is the primary
energy storage process in the fluorinated BMA-MoO2, whereas intercalation is in the
pristine and BMA-MoO2. This study demonstrates that tuning the right stoichiometric
amount of Li and F2 can enhance the electrochemical performance resolving the present
problems of conversion electrodes. The electrochemical results reveal that the formation
of the Li2O/LiF matrix with dispersed nano-sized Mo particles as a result of repeated
charge-discharge favors reversible conversion reaction and the diffusion of lithium-ion.
Direct fluorination is a robust approach applicable to other metal oxides (anode and
cathode) to optimize their composition, structure, and electrochemical performance.
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CONCLUDING REMARKS
A new high energy density battery technology is essential to fulfilling the
tremendously increasing energy demands. However, research faces significant challenges
in developing high energy density next-generation LIBs. These challenges include the
design of more robust electrolyte materials and the development of stable high energy
electrodes. This dissertation investigated the alternative route to solve these issues and
concerns associated with high energy density LIBs and beyond. Extensive effort has been
devoted to advance each component of the current LIB configuration. These include the
design and development of polymer electrolytes to replace the hazard-prone liquid
electrolytes for developing battery technology beyond LIBs. Because of enhanced safety
and structural compatibility with electrodes, polymer electrolytes could propel the current
battery technology to the next stage. Unfortunately, the practical application of polymer
electrolytes is hindered by low ionic conductivity and mediocre mechanical strength.
On the other hand, current LIBs are unable to address the upsurging energy
demands due to the limitations in energy storage as a result of electrode chemistry. New
electrode chemistry must be formulated for the developing high energy density battery.
The enormous amount of effort has been devoted to the development of a new electrode
with high capacity. For the anode, conversion oxides (TMOs) are excellent candidates
because of the multielectron conversion reaction that can store high energy. However,
conversion materials suffered from multiple drawbacks that have been tried to address but
unable to solve or unsuitable for industrial upscaling.
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Realizing these challenges in the developmental path of high energy density LIBs
and beyond, this dissertation work was focused on fostering a novel approach to solve the
problems of polymer electrolytes and designing a new synthesis protocol for high energy
anode materials.
The first half of the dissertation work was focused on achieving simultaneous high
ion conduction in mechanically robust polymer electrolytes. These are the critical criteria
required for the commercialization of LMBs. Ionic conductivity can be easily enhanced to
the level (~10-3 S cm-1) required for practical application by doping liquid electrolytes as a
plasticizer that cost mechanical strength as ionic conductivities and mechanical strength
are inversely related. Here, we proposed two new strategies for enhancing the ionic
conductivities and mechanical strength of the polymer electrolytes simultaneously, which
could open the path for its commercialization. In the first approach, ionic liquid electrolytes
were confined into the nanocavities offered by uniquely engineered HS nanospheres, and
then ILs soaked HS were confined into the polymer matrix of PVDF-co-HFP. Such pseudosolidification of ILs (BMPy-TFSI-LITFSI) electrolytes created the mechanically robust
membrane without hindering the liquid-like dynamics. The nanoconfinement of IL
electrolytes in HS particles created the nanodomain of ILs homogeneously dispersed in the
polymer matrix, which provided the interconnected networks of nanochannel for fast
lithium-ion conduction. This approach resulted in a fast ion conduction of 0.5 mS cm-1 at
20 °C with ten times mechanical strength enhancement compared to polymer gel
electrolytes without HS. Extended potential window (beyond 4.5 V), mechanical strength,
and electrode compatibility resulted in as a result of the interaction and complexation of
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HS with the polymer. The enhanced electrochemical performances of LFP based LMBs
indicates that such mechanically reinforced composite electrolytes ensure the superior long
cycling stability with high reversible capacity, making it an ideal candidate for practical
application.
In another approach, layer by layer (LbL) assembly strategy was employed to
fabricate mechanically robust polymer gel electrolyte. Mechanical strength of the polymer
gel of PVDF-co-HFP with IL electrolytes (BMPy-TFSI-LiTFSI) was reinforced by the
sequential coating of polyanions (lithiated Nafion and lithiated polystyrene sulfonic acid)
with polycation (PDADMAC). The strong coulombic interaction between polyions
resulted in five folds increase in mechanical strength, retaining fast ion conduction (~ 10-4
S cm-1 at 10 °C). The LbL coating significantly enhanced the electrochemical stability
window to 5.5 V, making it an excellent candidate for high voltage application. Li||Li
symmetrical experiments and preliminary solid-state LMBs based on LFP cathode suggests
that this approach could significantly improve the performances of LMBs.
The second half of the dissertation was focused on developing high capacity anode
materials for the LIBs applications via direct fluorination strategies. Our approach was to
synthesize transition metal oxyfluoride, which enhances the capacity, cycling stability. In
an attempt to formulate superior material, we fluorinate Mxene (2D transition metal
carbide, Ti3C2) using fluorine gas. The direct fluorination resulted in, for the first time, 2D
titanium oxyfluoride/carbon sheets (TiOF2/C), which has superior performance than
Mxene and exhibited the superior rate capability comparing with the non-layered
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counterpart. This result opens up the new avenue for the synthesis of 2D transition metal
oxyfluorides with higher capacity and better rate capability.
Transition metal oxides with high oxidation state are attractive anode materials due
to their multielectron conversion reaction. The approach of oxyfluoride formation indeed
improves the performances. However, the oxyfluoride of high oxidation state transition
metals are volatile and are challenging to synthesize via direct fluorination at the synthesis
temperature. MoO2 could be an excellent anode because of its high theoretical capacity,
but its oxyfluoride is volatile and difficult to synthesize. In this dissertation, a novel
approach was developed in which prelithiation of MoO2 with Li2O via mechanochemistry
prior to direct fluorination resulted in the desired oxyfluoride phase. Electrochemical
performances indicate that fluorination facilitates the lithium diffusion, ensure the
reversibility of conversion reaction leading to higher capacity, coulombic efficiency, and
cycling stability. This approach could be extended to other TMOs, which could result in
various high capacity electrodes for LIBs.
At last, the strategy developed during this dissertation work could lead to the smart
engineering and synthesis route for the development of mechanically robust, fast ionconducting polymer electrolytes suitable for the commercialization of LMBs. Similarly,
our direct fluorination strategy could lead to the synthesis of several high capacity anodes
as an excellent alternative for current graphite anode that could lead to the high energy
density battery for vehicle electrification and grid application.
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Figure A-1 Figure A-1 Rietveld refinement plots for commercial MoO2

Figure A-2 Rietveld refinement plots for BM-MoO2. Weak (<1%) unidentified impurity peaks
are present.
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Figure A-3 Rietveld refinement plots for F-BM-MoO2@145. Weak (<1%) unidentified impurity
peaks are present.

Table A-1 Refinement results for X-ray diffraction data of commercial MoO2.
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Table A-2 Refinement results for X-ray diffraction data of BMA-MoO2

Table A-3 Refinement results for X-ray diffraction data of F-BMA-MoO2@145.

Figure A-4 SEM Image and Elemental Mapping - F-BMA-MoO2@145.
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Figure A-5 SEM Image and Elemental Mapping - F-BMA-MoO2@180

Figure A-6 SEM-EDS spectra of the fluorinated pre-lithiated MoO2 samples at different reaction
conditions: (a) F-BMA-MoO2@145; and (b) F-BMA-MoO2@180.

Table A-4 SEM-EDS results for fluorinated BMA-MoO2
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